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IMAGING DISPLAY DEVICE AND
ELECTRONIC DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 16/605,233, filed Oct. 15, 2019, now allowed, which 1s

a U.S. National Phase application under 35 U.S.C. § 371 of
International Application PCT/IB2018/052615, filed on Apr.

16, 2018, and claims the benefit of a foreign priority
application filed in Japan on Apr. 28, 2017, as Application
No. 2017-090230, all of which are incorporated by refer-

CIICC.

TECHNICAL FIELD

An embodiment of the present invention relates to an
imaging display device.

Note that one embodiment of the present invention 1s not
limited to the above technical field. The techmical field of
one embodiment of the mvention disclosed in this specifi-
cation and the like relates to an object, a method, or a
manufacturing method. Furthermore, one embodiment of
the present mvention relates to a process, a machine, manu-
tacture, or a composition of matter. Specifically, examples of
the technical field of one embodiment of the present inven-
tion disclosed 1n this specification include a semiconductor
device, a display device, a liquid crystal display device, a
light-emitting device, a lighting device, a power storage
device, a memory device, an 1imaging device, a method for
driving any of them, and a method for manufacturing any of
them.

In this specification and the like, a semiconductor device
generally means a device that can function by utilizing
semiconductor characteristics. A transistor and a semicon-
ductor circuit are embodiments of semiconductor devices. In
some cases, a memory device, a display device, an 1imaging
device, or an electronic device includes a semiconductor
device.

BACKGROUND ART

A technique for forming transistors using oxide semicon-
ductor thin films formed over a substrate has been attracting
attention. For example, Patent Document 1 discloses an
imaging device i which a transistor including an oxide
semiconductor with an extremely low ofl-state current 1s
used 1n a pixel circuit.

Imaging devices are mncorporated 1n a variety of electronic
devices together with display devices, which enables users
to see captured 1mages on the spot. Furthermore, augmented
reality (AR) technology which combines a captured real-
world 1image and additional data obtained from a server or
the like, such as text data or computer graphics (CG), on the
display device has been used.

REFERENC.

L1

Patent Document

| Patent Document 1] Japanese Published Patent Application
No. 2011-119711

DISCLOSURE OF INVENTION

Because 1mage data obtained with an 1imaging device 1s
analog data, the data 1s converted into digital data and
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transmitted to a storage medium or a display device. In the
display device, the digital data 1s converted into analog data
and a display element 1s driven with the analog data.
Therefore, even 1n the case where the captured image 1s
displayed in real time, there arise a time lag between reality
and the actually displayed image on the display device.

In AR-displaying additional data, it takes time to com-
municate with a server and process the data. In order to
ensure consistency between reality and the displayed addi-
tional data, a reduction of a load on the server and the
employment of a high-performance data processing device
as well as higher-speed communication with the server are
cllective.

Another display method with the use of a see-through
display has been proposed, in which the reality 1s a real
image that has passed through the display and only addi-
tional data 1s displayed on the display. However, a relation-
ship between the position of a viewer and the position of the
display 1s not always the same and therefore the positional
adjustment between the reality and the additional data 1s
necessary. For example, even when the display 1s seen from
the front and an object and additional data such as text are
displayed overlapping with each other, the object and the
additional data do not look overlapping appropriately when
the display 1s seen obliquely.

In view of the foregoing circumstance, an object of one
embodiment of the present invention 1s to provide an 1mag-
ing display device which can transmit analog data that is
obtained with an i1maging portion to a display portion
without converting the analog data into digital data. Another
object of one embodiment of the present invention 1s to
provide an 1imaging display device which can quickly obtain
additional data for AR display. Another object of one
embodiment of the present invention 1s to provide an 1mag-
ing display device which eliminates the need for the posi-
tional adjustment between the displayed reality and addi-
tional data 1n performing AR display.

Another object of one embodiment of the present 1nven-
tion 1s to provide an 1imaging display device with low power
consumption. Another object of one embodiment of the
present invention 1s to provide an imaging display device
capable of capturing an 1mage with little noise. Another
object of one embodiment of the present invention 1s to
provide an 1maging display device that can capture an 1image
with high sensitivity. Another object of one embodiment of
the present invention 1s to provide an imaging display device
with high reliability. Another object of one embodiment of
the present invention 1s to provide a novel imaging display
device or the like. Another object of one embodiment of the
present invention 1s to provide a method for driving any of
the above-described imaging display devices. Another
object of one embodiment of the present mvention 1s to
provide a novel semiconductor device or the like.

Note that the descriptions of these objects do not disturb
the existence of other objects. In one embodiment of the
present invention, there 1s no need to achieve all the objects.
Other objects will be apparent from and can be derived from
the description of the specification, the drawings, the claims,
and the like.

One embodiment of the present mvention relates to an
imaging display device which includes an 1maging portion
on a first surface and a display portion on a second surface
that 1s opposite to the first surface.

One embodiment of the present mnvention 1s an 1maging,
display device which includes an 1imaging portion on a {first
surface and a display portion on a second surface that 1s
opposite to the first surface. The imaging portion includes a
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photoelectric conversion element configured to receive light
delivered to the first surface. The display portion includes a
light-emitting element configured to emait light in a direction
opposite to the first surface. The photoelectric conversion
clement 1s electrically connected to a gate of a transistor. The
light-emitting element 1s electrically connected to one of a
source and a drain of the transistor.

The 1maging display device can further include a data
processing portion. The data processing portion includes a
neural network configured to estimate the kind of an object.
Moreover, the data processing portion can be positioned
between the photoelectric conversion element and the light-
emitting element.

Another embodiment of the present invention 1s an 1mag-
ing display device which includes a first layer, a second
layer, and a third layer. The second layer 1s positioned
between the first layer and the third layer. The first layer
includes a light-emitting element. The second layer includes
a first transistor and a second transistor. The third layer
includes a photoelectric conversion element. The light-
emitting element 1s electrically connected to the first tran-
sistor. The photoelectric conversion element 1s electrically
connected to the second transistor. The first transistor 1is
clectrically connected to the second transistor.

The mmaging display device of the above-described
embodiment can further include a fourth layer. The fourth
layer 1s positioned between the second layer and the third
layer. The fourth layer includes a third transistor. The third
transistor 1s electrically connected to the second transistor.
The first transistor and the second transistor each include a
metal oxide 1n a channel formation region, and the third
transistor includes silicon in a channel formation region.

The metal oxide preferably includes In, Zn, and M (M 1s
Al, T1, Ga, Sn, Y, Zr, La, Ce, Nd, or HI).

The photoelectric conversion element preferably imncludes
selentum or a compound including selemium.

Another embodiment of the present invention 1s an 1imag-
ing display device which includes a first transistor, a second
transistor, a third transistor, a photoelectric conversion ele-
ment, and a light-emitting element. One electrode of the
photoelectric conversion element 1s electrically connected to
one ol a source and a drain of the first transistor. The one
clectrode of the photoelectric conversion element is electri-
cally connected to one of a source and a drain of the second
transistor. A gate of the third transistor is electrically con-
nected to the other of the source and the drain of the second
transistor. One electrode of the light-emitting element 1s
clectrically connected to one of a source and a drain of the
third transistor.

The mmaging display device of the above-described
embodiment can further include a fourth transistor. One of
a source and a drain of the fourth transistor i1s electrically
connected to the other of the source and the drain of the
second transistor. The other of the source and the drain of the
fourth transistor 1s electrically connected to the gate of the
third transistor.

With one embodiment of the present invention, an 1mag-
ing display device which can transmit analog data that is
obtained with an 1maging portion to a display portion
without converting the analog data into digital data can be
provided. An mmaging display device which can quickly
obtain additional data for AR display can be provided. An
imaging display device which eliminates the need for the
positional adjustment between the displayed reality and
additional data in performing AR display can be provided.

An 1imaging display device with low power consumption
can be provided. An mmaging display device capable of
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capturing an i1mage with little noise can be provided. An
imaging display device that can capture an 1mage with high
sensitivity can be provided. An imaging display device with
high rehability can be provided. A novel imaging display
device or the like can be provided. A method for driving any
of the above-described imaging display devices can be

provided. A novel semiconductor device or the like can be
provided.

BRIEF DESCRIPTION OF DRAWINGS

In the accompanying drawings:

FIG. 1 illustrates an 1imaging display device;

FIG. 2 1s a block diagram of an imaging display device;

FIG. 3 1s a flow chart illustrating an operation for dis-
playing data on an object;

FIGS. 4A to 4D 1llustrate structure examples of an imag-
ing display device;

FIGS. 5A to 5D illustrate structure examples of an imag-
ing display device;

FIGS. 6A and 6B each illustrate an electric connection
between components included 1n an 1imaging display device;

FIGS. 7A and 7B each illustrate an electric connection
between a pixel circuit and other circuits;

FIGS. 8A and 8B each illustrate a pixel circuit, and FIG.
8C 1s a timing chart;

FIG. 9A illustrates a pixel circuit, and FIG. 9B 1s a timing
chart;

FIG. 10A 1llustrates a pixel circuit, and FIG. 10B i1s a
timing chart;

FIGS. 11A and 11B each illustrate a pixel circuit;

FIGS. 12A and 12B each 1illustrate a pixel circuit;

FIG. 13A 1llustrates a pixel circuit, and FIG. 13B is a
timing chart;

FIG. 14A 1llustrates a pixel circuit, and FIG. 14B 1s a
timing chart;

FIGS. 15A to 15C 1illustrate examples of an 1image dis-
played on a display portion;

FIG. 16 illustrates an operation for estimating the cat-
cgory ol an object with a neural network;

FIGS. 17A to 17C each illustrate a structure example of
a neural network;

FIG. 18 illustrates a structure example of a semiconductor
device;

FIG. 19 illustrates a structure example of a memory
circuit;

FIG. 20 illustrates a structure example of memory cells;

FIG. 21 illustrates structure examples of circuits;

FIG. 22 1s a timing chart 1llustrating an operation of a
semiconductor device;

FIGS. 23A and 23B each illustrate a structure of a pixel
In an 1maging device;

FIGS. 24A and 24B each illustrate a structure of a pixel
in an 1maging device;

FIGS. 25A to 25E each illustrate a structure of a pixel 1n
an 1maging device;

FIGS. 26 A to 26C each 1llustrate a structure of an 1imaging,

device; and
FIGS. 27 A to 27C each illustrate an electronic device.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Embodiments will be described in detail with reference to
the drawings. Note that the present invention 1s not limited
to the following description and 1t will be readily appreci-
ated by those skilled 1n the art that modes and details can be
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modified in various ways without departing from the spirit
and the scope of the present invention. Therefore, the present

invention should not be interpreted as being limited to the
description of embodiments below. Note that 1n structures of
the invention described below, the same portions or portions
having similar functions are denoted by the same reference
numerals in different drawings, and description thereof 1s not
repeated 1n some cases. It 1s also to be noted that the same
components are denoted by different hatching patterns in
different drawings, or the hatching patterns are omitted 1n
SOMeE Cases.

Embodiment 1

In this embodiment, an 1maging display device of one
embodiment of the present invention will be described with
reference to drawings.

One embodiment of the present invention 1s an 1imaging,
display device including an 1maging portion and a display
portion. The 1maging display device includes the imaging
portion on a {irst surface and the display portion on a second
surface that 1s opposite to the first surface. Since the light
sensing surface and the light emission surface face the
opposite directions, the structure of this 1maging display
device 1s suitable for smart glasses, a telescope, binoculars,
a monocle, a microscope, a night scope, and the like.

The imaging display device includes a pixel in each of the
imaging portion and the display portion, and the pixel in the
imaging portion 1s electrically connected to the pixel 1n the
display portion. In other words, a portion functioning as the
imaging portion and a portion functioning as the display
portion are included in one pixel. With such a structure, an
image signal obtained at the imaging portion can be directly
input to the display portion. Accordingly, the time delay due
to data conversion can be eliminated, so that a captured
image can be displayed in a moment.

FIG. 1 illustrates an imaging display device of one
embodiment of the present mvention. An 1maging display
device 100 includes an mmaging portion (IS) 101 and a
display portion (DIS) 102. A lens 103 may be provided
between the 1maging portion 101 and an object 105. Fur-
thermore, a lens 104 may be provided between the display
portion 102 and a viewer 106.

For example, the lens 103 has a function of demagnifying,
an 1mage of the object 105 and throwing the image onto the
imaging portion 101. Furthermore, the lens 104 has a
function of magnifying the image displayed on the display
portion 102 for the viewer 106. Although the lenses 103 and
104 are each 1llustrated as consisting of one convex lens 1n
FI1G. 1, the structures and functions thereotf are determined
as needed, and a combination lens or the like may be used
as well. Moreover, a mirror which adjusts the optical path
may be provided between the display portion 102 and the
object 103.

Pixels 1 the imaging portion 101 are each electrically
connected to corresponding pixels 1n the display portion 102
with one-to-one correspondence. Accordingly, analog data
obtained at the pixels in the imaging portion 101 as image
signals 1s transmitted to the pixels 1n the display portion 102
without being converted into digital data, and display 1s
performed.

Therefore, the imaging display device of one embodiment
of the present invention can significantly reduce the delay 1n
displaying the reality.

FIG. 2 illustrates an example of a block diagram of the
imaging display device 100. The imaging display device 100
includes a data processing portion 200 in addition to the
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imaging portion 101 and the display portion 102. The data
processing portion 200 includes an arithmetic portion (CPU)
201, an 1mage processing portion (GPU) 202, a position
sensor (GPS) 203, an input output portion (I/0) 204, and a
memory portion (MEM) 205, for example.

The imaging portion 101, the display portion 102, and the
components of the data processing portion 200 are electri-
cally connected to each other, and can transmit signals and
data as necessary. Note that any of the components 1s not
clectrically connected to any of the other components, 1n
some cases. Furthermore, any of the components has a
function of any of the other components, 1n some cases.
Moreover, a function of one component 1s distributed among
a plurality of components, 1n some cases.

The mmaging portion 101 has a function of capturing
image data, and an 1maging device such as a CMOS 1mage
sensor can be used, for example. The display portion 102 has
a function of displaying image data, and a display device
including a light-emitting element such as an organic EL
clement 1s preferably used, for example.

The arithmetic portion 201 has a function of performing
an arithmetic operation associated with the operation of the
whole 1maging display device 100, and a central processing
unmt (CPU) or the like can be used, for example.

The 1mage processing portion 202 has a function of
processing data on i1mages, and a graphics processing unit
(GPU) or the like can be used, for example. Furthermore, the
image processing portion 202 can include a neural network
(NN) 207 for analyzing images.

The position sensor 203 has a function of specifying the
position of the imaging display device 100, and a global
positioning system (GPS) receiver can be used, for example.
Moreover, a gyro sensor, an acceleration sensor, an optical
sensor, a temperature sensor, or the like may be included.

The mput output portion 204 has a function of obtaining
data from the outside or a function of outputting data to the
outside. For example, the mput output portion 204 can be
connected to a wired or wireless network, and data can be
input to and output from a server (SV) 206 via the network.
A medium which stores data to which the obtained image
data 1s compared may be connected to the input output
portion 204.

The memory portion 205 has a function of storing pro-
grams and 1tems to set which are responsible for operating
the imaging display device 100. Furthermore, the memory
portion 205 has a function of storing image data captured
with the imaging portion 101. A detachable storage medium
(MEM) 208 which functions as part of the memory portion
205 may be used.

The neural network 207 performs an operation of esti-
mating the category of an object whose 1image 1s captured
with the mmaging portion 101 (whether the object 1s a
building, a plant, or a human, for example). In the case
where AR display of data on an object 1s desired {for
example, data on an object that 1s not specified by the
position 1s conventionally hard to obtain although 1t 1s
possible to obtain data on a building, a road, or the like by
using the position sensor 203.

In the case where only image data on an object 1s
transmitted to the server 206 to obtain related data, the
server 206 needs to analyze the category of the object and
then 1dentily the object, which 1s a big burden on the server
206 and requires much time for retrieval. Moreover, 1n some
cases, analysis cannot be performed owing to the lack of
data or additional data 1s necessary to accomplish the
analysis.
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The neural network 207 estimates the category and trans-
mits the category estimation result as well as 1mage data.
This can significantly reduce the analysis burden on the
server 206. In addition, data obtained with the position
sensor 203 may be transmitted to the server 206 together.
Transmission of data to the server 206 after determining the
category allows a retrieval result to be quickly obtained from
the server 206.

Thus, 1n the imaging display device of one embodiment of
the present invention where the category of an object 1s
estimated by using the neural network, an 1image that well
matches the reality can be AR-displayed.

Here, an example of an operation of performing AR
display at a given timing 1n a period when an 1maging
operation at the imaging portion 101 and a display operation
at the display portion 102 are repeated 1n the imaging display
device 100 will be described with reference to a flow chart
of FIG. 3. It 1s assumed that the positional data 1s obtained
with the position sensor 203 at the same time as the imaging,
operation or the like 1s performed. Furthermore, 1t 1is
assumed that 1n the case where other sensors are provided,
a variety of environmental data are obtained with the other
sensors at the same time as the imaging operation or the like
1s performed.

First, an object 1s extracted from an 1mage captured with
the arithmetic portion 201, the image processing portion
202, and the like, and 1image analysis 1s performed. In this
step, the number of objects 1n the 1mage and the shape, color,
and the like of the object are classified (S1).

Next, an object for which data display 1s performed 1s
selected (S2). Note that settings may be made previously so
that all the objects 1n the 1mage can be selected.

Next, the category of the selected object 1s estimated with
the neural network 207 by using the already obtained
positional data or the like on the object and data obtained
from the 1mage analysis 1 S1 (S3).

Next, the image of the object, data used for the category
estimation 1 S3, and the category estimation result are
transmitted to the server 206, and data on the object 1s
retrieved 1n the server 206 (S4).

Then, data on the object 1s received from the server 206
(S35), and the data 1s AR-displayed on the display portion 102
(S6).

To change the object for which data display 1s performed,
the process returns to S2 and the object selection 1s made
again.

Next, structure examples that can be used for the 1imaging
display device 100 will be described with reference to FIGS.
4A to 4D, FIGS. SA to 5D, FIGS. 6A and 6B, and FIGS. 7A
and 7B. Components common to FIGS. 4A to 4D, FIGS. 5A
to 5D, FIGS. 6 A and 6B, and FIGS. 7A and 7B are denoted
by the same reference numerals.

An imaging display device 110 illustrated in FIG. 4A has
a structure in which a layer 111, a layer 112, and a layer 113
are sequentially stacked. In the imaging display device 110,
components of the imaging portion 101 can be provided 1n
the layer 111 and the layer 112. Furthermore, components of
the display portion 102 can be provided 1n the layer 112 and
the layer 113.

FIG. 4C illustrates the layers in the imaging display
device 110. The layer 111 includes a region 153 1n which a
photodiode 1s provided. As the photodiode, a PN photodiode
or a PIN photodiode which includes a silicon substrate as a
photoelectric conversion layer 1s preferably used.

The layer 112 includes a region 151 and regions 1352
which are provided 1n a silicon substrate. The region 151 and
the regions 152 each include a transistor whose channel
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formation region 1s formed using silicon. The number of
regions 152 1s more than one, and each of the regions 152
can be provided with a circuit having a function different
from each other.

The region 151 has a structure in which both a pixel
circuit (excluding the photoelectric conversion element) of
the 1maging portion 101 and a pixel circuit (excluding a
display element) of the display portion 102 are provided.
The regions 152 can be provided with a drniver circuit, a
reading circuit, or the like for the pixel circuits of the
imaging portion 101 and the display portion 102.

The layer 113 includes a region 150 provided with the
display element. As the display element, a light-emitting
clement including an organic EL layer 1s preferably used.

Note that the region 153, the region 151, and the region
150 substantially have the same area.

FIG. 6A illustrates an electric connection between com-
ponents constituting one pixel of the imaging display device
110. The region 153 includes a photoelectric conversion
clement 161. The region 151 1ncludes a transistor 162a and
a transistor 1625b. The region 150 includes a display element
163.

The transistors 162a and 1625 are components of a pixel
circuit 162 1n the imaging portion 101 and the display
portion 102. The photoelectric conversion element 161, the
transistors 162a and 16256, and the display element 163 are
arranged 1n a matrix in the region 153, the region 151, and
the region 150, respectively.

The photoelectric conversion element 161 1s placed so as
to include a region overlapping with the transistors 162a and
162b. One electrode of the photoelectric conversion element
161 is electrically connected to one of a source and a drain
ol the transistor 162a.

The transistors 162a and 1625 are placed so as to include
a region overlapping with the display element 163. One of
a source and a drain of the transistor 1625 1s electrically
connected to one electrode of the display element 163.

Note that the other of the source and the drain of the
transistor 162a 1s electrically connected to a gate of the
transistor 1625. A circuit corresponding to the pixel circuit
162 will be described 1n detail later.

FIG. 7A 1llustrates an electric connection between the
pixel circuit 162 and circuits 152a, 1525, 152¢, and 1524
provided 1n the regions 152 1n the imaging display device
110. Note that the circuits 152aq, 15254, 152¢, and 1524 can
have a function of driving the pixel circuit 162, a function
of reading out a signal from the pixel circuit 162, or the like.

The circuit 152a can have a function of a row driver for
the 1maging portion 101. The circuit 152a 1s electrically
connected to a component of the pixel circuit 162 through a
wiring. The circuit 1526 can have a function of the column
driver for the imaging portion 101. The circuit 1526 may
also have a function of a correlated double sampling (CDS)
circuit for removing noise and a function of an A/D con-
verter. The circuit 15256 1s electrically connected to the
component of the pixel circuit 162 through a wiring.

The circuit 152¢ can have a function of a row driver for
the display portion 102. The circuit 152¢ 1s electrically
connected to the component of the pixel circuit 162 through
a wiring. The circuit 1524 can have a function of a column
driver for the display portion 102. The circuit 1524 1is
clectrically connected to the component of the pixel circuit
162 through a wiring.

As 1 FIG. 4D illustrating the layers, by reducing the
relative area of the region 151 1n the layer 112, the relative
area of the regions 152 1n the layer 112 can be increased. In
this case, the regions 152 may be provided with not only the
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above-described driver circuits but also any of components
included 1n the data processing portion 200 or some circuits
included in the components.

Furthermore, the imaging display device 100 may have a
structure of an 1imaging display device 120 illustrated 1n FIG.
4B. The imaging display device 120 1s different from the
imaging display device 110 in the structure of the photo-
clectric conversion element and 1ncludes a layer 115.

The photoelectric conversion element provided in the
layer 115 preferably includes selenium or a selenium com-
pound. A photoelectric conversion element including a sele-
nium-based material can increase the light sensitivity under
low 1llumination by utilizing the avalanche efiect. Moreover,
a photodiode including an organic semiconductor in the
photoelectric conversion layer may be used.

Moreover, the 1maging display device 100 may have a
structure of an 1imaging display device 130 illustrated 1n FIG.
5A. The imaging display device 130 has a structure 1n which
the layer 111, the layer 112, a layer 114, and the layer 113
are sequentially stacked.

In the imaging display device 130, the components of the
imaging portion 101 can be provided in the layer 111, the

layer 112, and the layer 114. Furthermore, the components
of the display portion 102 can be provided in the layer 112,
the layer 114, and the layer 113.

As 1 FIG. 5C illustrating the layers, the layer 114
includes a region 154 and regions 155. The region 154 and
the regions 155 each include a transistor whose channel
formation region 1s formed using a metal oxide. The number
of regions 1535 1s more than one, and each of the regions 155
can be provided with a circuit having a function different
from each other.

The region 154 has a structure 1n which both components
of a pixel circuit of the imaging portion 101 (excluding the
photoelectric conversion element) and components of a
pixel circuit of the display portion 102 (excluding the
display element) are provided. The regions 155 can be
provided with a driver circuit or the like for the pixel circuits
of the imaging portion 101 and the display portion 102.

FIG. 6B illustrates an example of an electric connection
between components constituting a pixel of the imaging
display device 130. The region 153 includes the photoelec-
tric conversion element 161. The region 151 includes a
transistor 165a, a transistor 1655, and a connection portion
166. The region 154 includes a transistor 167a and a
transistor 1675. The region 150 includes the display element
163.

The transistors 165a, 1655, 167a, and 1675 are compo-
nents of a pixel circuit 167 1n the imaging portion 101 and
the display portion 102. The connection portion 166 can be
a through hole or the like formed 1n the silicon substrate.

The photoelectric conversion element 161, the transistors
1654 and 16554, the transistors 167a and 1675, and the
display element 163 are arranged in a matrnix in the region
153, the region 151, the region 154, and the region 150,
respectively.

The photoelectric conversion element 161 1s placed so as
to include a region overlapping with the transistors 165a and
165b6. One electrode of the photoelectric conversion element
161 is electrically connected to one of a source and a drain
of the transistor 167a through the connection portion 166.

One of the transistors 165a and 1655 1s placed so as to
include a region overlapping with one of the transistors 167a
and 1675. A gate of the transistor 165a 1s electrically
connected to the other of the source and the drain of the
transistor 167a.
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The transistors 167a and 1675 are placed so as to include
a region overlapping with the display element 163. One of
a source and a drain of the transistor 1675 1s electrically
connected to one electrode of the display element 163.

Note that the other of the source and the drain of the
transistor 167a 1s electrically connected to a gate of the
transistor 167b. A circuit corresponding to the pixel circuit
167 will be described m detail later.

FIG. 7B 1illustrates an electric connection among the pixel
circuit 167, circuits 155aq and 15556 in the regions 155, and
circuits 152¢, 152/, 152¢, and 152/, 1n the imaging display
device 130. Note that the circuits 153a, 1555, 152¢, 152/,
152¢, and 152/ can have a function of driving the pixel
circuit 167, a function of reading out a signal from the pixel
circuit 167, or the like.

The circuits 155a and 15556 provided 1n the layer 114 can
have a function of a row driver for the display portion 102.
The circuits 155aq and 1556 can each be electrically con-
nected to the component of the pixel circuit 167 provided in
the layer 114 through a wiring.

The circuit 152/ provided in the layer 112 can have a
function of a column driver for the display portion 102. The
circuit 152/ can be electrically connected to the component
of the pixel circuit 167 provided 1n the layer 114 through a
wiring.

The circuits 152¢ and 152¢g provided 1n the layer 112 can
have a function of a row driver for the imaging portion 101.
The circuit 152e can be electrically connected to the com-
ponent of the pixel circuit 167 provided 1n the layer 112
through a wiring. The circuit 152g can be electrically
connected to the component of the pixel circuit 167 provided
in the layer 114 through a wiring.

The circuit 152f provided in the layer 112 can have a
function of a column driver for the imaging portion 101. The
circuit 152/ may have a function of a CDS circuit for
removing noise and a function of an A/D converter. The
circuit 152/1s electrically connected to the component of the
pixel circuit 167 provided 1n the layer 112 through a wiring.

As 1 FIG. 3D illustrating the layers, by reducing the
relative area of the region 154 1n the layer 114, the relative
area of the regions 1355 1n the layer 114 can be increased. In
this case, the regions 155 may be provided with not only the
above-described driver circuits but also any of components
included 1n the data processing portion 200 or some circuits
included in the components.

Furthermore, the imaging display device 100 may have a
structure of an 1maging display device 140 illustrated 1n FIG.
5B. The imaging display device 140 1s different from the
imaging display device 130 in the structure of the photo-
clectric conversion element and includes the layer 115 1n
which a photoelectric conversion element including sele-
nium or a selenium compound 1s provided.

Although the circuits electrically connected to the 1mag-
ing portion 101 or the display portion 102 are provided in the
regions 152 or the regions 155 i the above-described
examples, such circuits may be provided in an external IC
chip.

Structure examples of a pixel circuit that can be used as
the above-described pixel circuit 162 or 167 will be
described with reference to FIGS. 8A to 8C, FIGS. 9A and
9B, FIGS. 10A and 10B, FIGS. 11Aand 11B, FIGS. 12A and
12B, FIGS. 13A and 13B, and FIGS. 14A and 14B. Note that
components (e.g., transistors) having functions common to
FIGS. 8A to 8C, FIGS. 9A and 9B, FIGS. 10A and 10B,
FIGS. 11A and 11B, FIGS. 12A and 12B, FIGS. 13A and
13B, and FIGS. 14A and 14B are denoted by the same

reference numerals. Although not strictly separable, a por-
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tion which mainly operates as the pixels of the display
portion 102 1s referred to as a circuit portion 102a.

A pixel circuit 171 1llustrated 1n FIG. 8A 1s a fundamental
structure of one embodiment of the present invention. The
pixel circuit 171 has a function of determining a potential of
a charge detection portion ND by a photoelectric conversion
clement and making a display element emit light 1n accor-
dance with the potential of the charge detection portion ND.
Accordingly, an operation from 1mage capturing to image
display can be performed at high speed, without a step for
data conversion or the like.

The pixel circuit 171 includes a photoelectric conversion
element 10, a transistor 51, a transistor 52, a transistor 53, a
display element 11, and a capacitor 60.

Note that the photoelectric conversion element 10 corre-
sponds to the photoelectric conversion element 161 1llus-
trated 1n FIG. 6 A or 6B. The transistor 52 corresponds to the
transistor 162a or 167a illustrated 1n FIG. 6A or 6B. The
transistor 53 corresponds to the transistor 1626 or 1675
illustrated 1n FIG. 6 A or 6B. The display element 11 corre-
sponds to the display element 163 illustrated in FIG. 6A or
6B.

One of a source and a drain of the transistor 51 1s
clectrically connected to one electrode (anode) of the pho-
toelectric conversion element 10. The one electrode of the
photoelectric conversion element 10 1s electrically con-
nected to one of a source and a drain of the transistor 32. The
other of the source and the drain of the transistor 52 1is
clectrically connected to a gate of the transistor 53. One of
a source and a drain of the transistor 33 1s electrically
connected to one electrode (anode) of the display element
11. The gate of the transistor 33 1s electrically connected to
one electrode of the capacitor 60. Note that a structure
without the capacitor 60 may also be employed.

The other electrode (cathode) of the photoelectric con-
version element 10 1s electrically connected to a wiring 72.
A gate of the transistor 51 1s electrically connected to a
wiring 76. A gate of the transistor 52 1s electrically con-
nected to a wiring 75. The other of the source and the drain
ol the transistor 51 is electrically connected to a wiring 73.
The other of the source and the drain of the transistor 53 1s
clectrically connected to a wiring 74. The other electrode
(cathode) of the display element 11 1s electrically connected
to a wiring 86. The other electrode of the capacitor 60 1s
clectrically connected to a wiring 77.

The wirings 72, 73, 74, 77, and 86 can each have a
function of a power supply line. For example, the wirings
73, 77, and 86 can function as low power supply lines, and
the wiring 74 can function as a high power supply line. The
wirings 75 and 76 can function as signal lines for controlling,
on/ofl’ of the transistors.

As the photoelectric conversion element 10, a photoelec-
tric conversion element which causes the avalanche effect
may be used to increase the light sensitivity under low
illumination. A relatively high potential HVDD (e.g., higher
than 10 V and higher than VDD) 1s necessary to cause the
avalanche eflect. Accordingly, it 1s preferable to electrically
connect the wiring 72 to a power supply that can feed the
potential HVDD. Note that the photoelectric conversion
clement 10 can also be used 1n the state of being supplied
with a potential which does not cause the avalanche eflect.
Furthermore, an element which does not cause the avalanche
ellect can also be used as the photoelectric conversion
clement 10.

The transistor 51 can have a function of initializing the
potential of the charge detection portion ND. The transistor
52 can have a function of controlling the charge detection
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portion ND. The transistor 33 can have a function of
controlling a current that flows toward the display element
11 1n accordance with the potential of the charge detection
portion ND.

As 1n a pixel circuit 172 illustrated 1n FIG. 8B, one of a
source and a drain of a transistor 54 may be electrically
connected to the gate of the transistor 33, and the other of the
source and the drain of transistor 54 may be electrically
connected to the one electrode of the capacitor 60. In this
case, a wiring 87 that can function as a signal line 1is
clectrically connected to a gate of the transistor 34.

With the structure of the pixel circuit 172, the capacitance
of the charge detection portion ND can be varied. Thus, by
turning ol the transistor 54 under low illumination, an
image can be captured with high sensitivity. Furthermore, by
turning on the transistor 54 under high illumination, an
image can be captured with low sensitivity.

In the pixel circuits 171 and 172, sensitivity-adjustable
image capturing 1s possible also by setting the potential
supplied to the wiring 74 to be variable. In particular,
increasing the potential supplied to the wiring 74 1s suitable
for the uses such as a night scope because it can increase the
luminance of the display element 11.

In the case where high voltage 1s applied to the photo-
electric conversion element 10, a transistor connected to the
photoelectric conversion element 10 needs to withstand the
high voltage. As the transistor that can withstand high
voltage, for example, a transistor including a metal oxide 1n
a channel formation region (hereinafter referred to as an OS
transistor) or the like can be used. Specifically, OS transis-
tors are preferably used as the transistors 31 and 52.

A period during which charges can be held in the charge
detection portion ND can be extremely long owing to the
low ofl-state current characteristics of the transistors 51 and
52. Therefore, a global shutter system in which charge
accumulation operation 1s performed 1n all the pixels at the
same time can be used without complicating the circuit
structure and operation method.

Accordingly, in the case where high voltage 1s applied to
the photoelectric conversion element 10, the structure of the
imaging display device 130 or 140 1s preferably used. Note
that 1n the case where the pixel circuit 171 or 172 1s used 1n
the imaging display device 130 or 140, the transistors 165a
and 1655 are not necessary.

Moreover, 1n the case where the photoelectric conversion
clement 10 1s used without application of high voltage,
transistors including silicon in their active layers or active
regions (heremafter referred to as S1 transistors) may be used
as the transistors 31 and 352. Accordingly, the structure of the
imaging display device 110 or 120 can also be used.

As the display element 11, a light-emitting element 1s
preferably used. An organic EL element (OLED) including
an organic light-emitting layer or the like can be used as the
light-emitting element. An organic EL element shows diode
characteristics and a current can flow therethrough by appli-
cation of a forward bias. By adjusting the current with the
transistor, the luminance can be changed.

Next, a fundamental operation of the pixel circuits 171
and 172 will be described with reference to a timing chart of
FIG. 8C. Note that in the following operation example, VDD
and GND are supplied to the wirings 75 and 76 as “H” and
“L”, respectively; VDD 1s supplied to the wirings 72 and 74;
and GND 1s supplied to the wirings 73, 77, and 86. Other
potentials can also be supplied to the wirings.

At Time T1, the wiring 76 1s set at “H” and the wiring 75
1s set at “H”, to make the charge detection portion ND have
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a reset potential (GND) (reset operation). At this time, the
transistor 53 1s ofl and the display element 11 does not emait
light.

At Time T2, the wiring 76 1s set at “L” and the wiring 75
1s set at “H”, to make the potential of the charge detection
portion ND start changing (accumulation operation). The
potential of the charge detection portion ND 1s changed from
GND to VDD at the maximum depending on the intensity of

light that has entered the photoelectric conversion element

10.

At Time T3, the wiring 75 1s set at “L” to settle the
potential of the charge detection portion ND. At this time, 1
the potential of the charge detection portion ND 1is hlgher
than the threshold of the transistor 33, the transistor 33 1s
turned on, and the display element 11 emits light 1n accor-
dance with the current value (display operation).

The display state continues for a certain period of time,
and then the reset operation 1s performed again at Time T4.
The above-described operations are repeated; thus, 1image
capture and display operations can be performed at high
speed. Furthermore, black display is inserted by the reset
operation at proper intervals, which can reduce the after-
image or the like of moving 1mages.

In the case where the pixel circuits 171 and 172 are used,
image capture and display of 1images can be performed by
the above-described simple control method. In such a case,
a pixel selection circuit or the like such as a shiit register 1s
unnecessary, and the reset operation, the accumulation
operation, or the display operation can be performed in all
the pixels at the same time.

Furthermore, one embodiment of the present ivention
may have a structure of a pixel circuit 173 illustrated in FIG.
9A. The pixel circuit 173 1s different from the pixel circuit
171 1n having a capability of outputting captured data to the
outside of the pixel.

The pixel circuit 173 includes the structure of the pixel
circuit 171, a transistor 55, and a transistor 56. A gate of the
transistor 35 1s electrically connected to the other of the
source and the drain of the transistor 52. One of a source and
a drain of the transistor 53 1s electrically connected to one of
a source and a drain of the transistor 56.

Note that the transistor 55 corresponds to the transistor
165a 1llustrated 1in FIG. 6B. The transistor 33 corresponds to
the transistor 1655 illustrated in FIG. 6B. The transistors 55
and 56 may also be provided in the region 151 of the
imaging display devices 110 and 120.

The other of the source and the drain of the transistor 55
1s electrically connected to a wiring 79. The other of the
source and the drain of the transistor 56 1s electrically
connected to a wiring 71. A gate of the transistor 56 1is
clectrically connected to a wiring 78.

The wiring 79 can have a function of a power supply line.
For example, the wiring 79 can function as a high potential
power supply line. The wiring 71 can have a function of an
output line which outputs a signal from the pixel. The wiring
78 can function as a signal line which controls on/off of the
transistor.

The transistor 55 can have a function of outputting a
signal determined in accordance with the potential of the
charge detection portion ND. The transistor 56 can have a
function of selecting a pixel from which a signal 1s read.

Because the transistor 35 i1s desired to have excellent
amplifying characteristics, the transistor 55 preferably has a
high on-state current. Accordingly, it 1s preferable to use Si
transistors as the transistors 55 and 56. As a matter of course,
OS transistors may be used as the transistors 35 and 356.
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Next, a fundamental operation of the pixel circuit 173 will
be described with reference to a timing chart of FIG. 9B.

Note that 1n the following operation example, VDD and
GND are supplied to the wirings 75, 76, and 78 as “H” and
“L”, respectively; VDD 1s supplied to the wirings 72, 74, and
79; and GND 1s supplied to the wirings 73, 77, and 86. Other

potentials can also be supplied to the wirings.
The description of FIG. 8B can be referred to for opera-
tions from Time T1 to Time T3.

At Time T4, the wiring 78 1s set at “H” to turn on the
transistor 56. Thus, an 1mage signal corresponding to the
potential of the charge detection portion ND 1s output to the
wiring 71.

At Time T5, the reset operation 1s performed again. The
above-described operations are repeated; thus, 1image cap-
ture and display operations can be performed at high speed
and 1mage data can be output to the outside.

In the case where the pixel circuit 173 1s used, a row
driver and a column driver for selecting a pixel for image
capture are necessary. The row driver and the column driver
can be provided in the regions 152 or the like.

Furthermore, one embodiment of the present invention
may have a structure of a pixel circuit 174 illustrated in FIG.
10A. The pixel circuit 174 1s different from the pixel circuit
173 1n having a capability of displaying a given image
superimposed on a captured 1mage.

The pixel circuit 174 includes the structure of the pixel
circuit 173, a transistor 57, a transistor 38, and a display
clement 12.

One of a source and a drain of the transistor 57 1s
clectrically connected to one electrode of the display ele-
ment 12. A gate of the transistor 37 1s electrically connected
to one of a source and a drain of the transistor 58. The other
of the source and the drain of the transistor 57 1s electrically
connected to the wiring 74. The other electrode of the
display element 12 is electrically connected to the wiring 86.
The other of the source and the drain of the transistor 58 1s
clectrically connected to a wiring 81. A gate of the transistor
58 1s electrically connected to a wiring 80.

Note that the transistors 57 and 58 can be provided 1n the
reglon 151 of the 1 1mag1ng display devices 110 and 120 or the
region 154 of the imaging display devices 130 and 140. An
clement similar to the display element 11 can be used as the
display element 12. The display element 12 can be provided
in the region 150.

The wirings 80 and 81 can have a function of signal lines.
For example, the wiring 80 can function as a signal line
which controls on/ofl of the transistor 58. The wiring 81 can
function as a signal line which supplies an 1image signal.

The transistor 57 can have a function of controlling a
current that flows toward the display element 12 1n accor-
dance with the potential supplied from the wiring 81. The
transistor 58 can have a function of selecting a pixel which
displays a given image.

Since the imaging display device using the pixel circuit
174 can display a given image using the transistors 57 and
58 and the display element 12, AR display in which data 1s
superimposed on the displayed reality can be performed.

Next, a fundamental operation of the pixel circuit 173 will
be described with reference to a timing chart of FIG. 10B.
Note that 1n the following operation example, VDD and
GND are supplied to the wirings 735, 76, 78, and 80 as “H”
and “L”, respectively; VDD 1s supplied to the wirings 72, 74,
and 79; GND 1s supplied to the wirings 73, 77, and 86; and
an arbitrary potential (1image signal) 1s supplied to the wiring
81. Other potentials can also be supplied to the wirings.
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The description of FIG. 8B can be referred to for an
operation at Time T1.

At Time T2, the wiring 76 1s set at “L”, the wiring 75 1s
set at “H”, and the wiring 80 1s set at “H”, to make the
potential of the charge detection portion ND start changing
(accumulation operation). The potential of the charge detec-
tion portion ND i1s changed from GND to VDD at the
maximum depending on the intensity of light that has
entered the photoelectric conversion element 10. In addition,
an 1mage signal supplied from the wiring 81 1s written to the
gate of the transistor 37.

At Time T3, the wiring 75 1s set at “L”” and the wiring 80
1s set at “L”, to settle the potential of the charge detection
portion ND. At this time, 1f the potential of the charge
detection portion ND 1s higher than the threshold of the
transistor 53, the transistor 53 1s turned on, and the display
clement 11 emits light 1n accordance with the current value.
Furthermore, 1 the potential of the gate of the transistor 57
1s higher than the threshold of the transistor 57, the transistor
57 1s turned on, and the display element 12 emits light 1n
accordance with the current value (display operation).

The description of FIG. 9B can be referred to for an
operation after Time T4.

In the case where the pixel circuit 174 1s used, a row
driver and a column driver for selecting a pixel for image
capturing and display are necessary. The row driver and the
column driver can be provided in the regions 152 and 155 or
the like.

Moreover, one embodiment of the present invention may
have a structure of a pixel circuit 175 illustrated 1n FIG. 11A.
The pixel circuit 175 has a structure 1 which the display
clement 12 1s eliminated from the pixel circuit 174, where
the other of the source and the drain of the transistor 57 1s
clectrically connected to the one electrode of the display
clement 11.

In the structure illustrated 1n FIG. 10A, either of the
display elements 11 and 12 having a higher emission inten-
sity 1s dominant 1n the displayed image. Thus, in order that
an arbitrary 1mage 1s displayed by the display element 12,
the emission intensity of the display element 12 has to be
increased so that the display element 12 can overwrite the
image displayed by the display element 11. In the structure
of FIG. 11A, the display element 12 can be eliminated
because a signal can be input from the wiring 81 to overwrite
the previous 1mage displayed by the display element 11.

Moreover, one embodiment of the present invention may
have a structure of a pixel circuit 176 1llustrated in FIG. 11B.
The pixel circuit 176 includes the structure illustrated 1n
FIG. 11 A, a transistor 59, and a transistor 63.

One of a source and a drain of the transistor 59 1s
clectrically connected to the other of the source and the drain
of the transistor 52. The other of the source and the drain of
the transistor 59 1s electrically connected to the gate of the
transistor 53. A gate of the transistor 39 1s electrically
connected to one of a source and a drain of the transistor 63.
A gate of the transistor 63 1s electrically connected to a
wiring 85. The other of the source and the drain of the
transistor 63 is electrically connected to a wiring 82.

The wiring 82 can function as a signal line which controls
on/ofl of the transistor 39. The wiring 85 can function as a
signal line which selects a pixel. Note that a structure
without the transistor 63, where the gate of the transistor 39
1s electrically connected to the wiring 82, can be employed
as well.

When the transistor 39 1s turned off, display of an 1image
simultaneous with 1mage capture can be stopped. When the
transistor 59 1s turned off 1n all the pixels, arbitrary image
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data supplied from the wiring 81 can be displayed in the
entire display portion 102. Data that has been taken out to
the outside through the wiring 71 and processed may be
supplied from the wiring 81 and displayed. In this case, for
example, the captured 1image can be subjected to enlarge-
ment, processing, or the like.

When a pixel 1s selected and the transistor 59 1s turned off,
display of an 1mage simultaneous with 1mage capture can be
stopped 1n the selected pixel. Furthermore, when the tran-
sistor 59 1s turned off 1n a reset period, the transistor 53 1s
ofl and black display can be performed. By displaying
arbitrary i1mage data supplied form the wiring 81 on the
background pixel where black display 1s performed, vivid
AR display can be performed.

Note that if a low potential power supply line 1s electri-
cally connected to the gate of the transistor 33 via a switch
(e.g., a transistor), the transistor 53 can be turned off and
black display can be performed at any given time as well as
in the reset period.

Furthermore, one embodiment of the present ivention
may have a structure of a pixel circuit 177 illustrated in FIG.
12A. In the pixel circuit 177, each transistor has a backgate.
The application of a constant voltage to the backgate can
adjust the threshold of the transistor. The same potential as
the potential applied to the front gate may be applied to
control the on-state current and the ofl-state current.
Although all of the transistors have a backgate in FIG. 12A,

a transistor not provided with a backgate may also be
included.

Furthermore, one embodiment of the present invention
may have a structure of a pixel circuit 178 illustrated in FIG.
12B. The pixel circuit 178 1s an example of a structure 1n
which the charge detection portion ND can be reset to a high
potential in the operation.

The pixel circuit 178 1s different from the above-described
pixel circuit 1n that the connection direction of the photo-
clectric conversion element 10 1s opposite and the transistor
53 1s of a p-channel type. In this example, the transistor 53
1s preferably a Si transistor. In the operation of the pixel
circuit 178, the wiring 72 1s set at a low potential, and the
wiring 73 1s set at a high potential.

In the pixel circuit 178, the potential of the charge
detection portion ND 1s relatively low when the light mten-
sity 1s high, and 1s relatively high when the light intensity 1s
low. Accordingly, a p-channel transistor 1s used as the
transistor 53 so that bright light can be emitted from the
display element 11 when the potential of the charge detec-
tion portion ND 1s low.

Furthermore, one embodiment of the present invention
may have a structure of a pixel circuit 179 illustrated in FIG.
13A. The pixel circuit 179 can reset the charge detection
portion ND to a high potential 1n the operation.

The pixel circuit 179 includes a transistor 62 and a
capacitor 64 1n addition to the structure of the pixel circuit
175. One of a source and a drain of the transistor 62 1s
clectrically connected to the gate of the transistor 35. One
clectrode of the capacitor 64 1s electrically connected to the
other of the source and the drain of the transistor 52. The
other electrode of the capacitor 64 1s electrically connected
to the gate of the transistor 55. Furthermore, the connection
direction ol the photoelectric conversion element 10 1s
opposite to that in the pixel circuit 175.

The other of the source and the drain of the transistor 62
1s electrically connected to the wiring 85, and a gate of the
transistor 62 1s electrically connected to a wiring 84. The
wiring 85 can have a function of a power supply line and can
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supply a high potential. The wiring 84 can have a function
of a signal line which controls on/ofl of the transistor 62.

Note that a wiring which connects the one electrode of the
photoelectric conversion element 10 to the one of the source
and the drain of the transistor 52 1s referred to as a charge
accumulation portion RD1. In addition, a wiring which
connects the other of the source and the drain of the
transistor 52 to the capacitor 64 1s referred to as a charge
accumulation portion RD?2.

Next, a fundamental operation of the pixel circuit 179 waill
be described with reference to a timing chart of FIG. 13B.

Note that in the following operation example, VDD and
GND are supplied to the wirings 75, 76, 78, 80, and 84 as
“H” and “L”, respectively; GND 1s supplied to the wirings
72, 77, and 85; VDD 1s supplied to the wirings 73, 74, and

79; and an arbitrary potential (1mage signal) 1s supplied to
the wiring 81. Other potentials can also be supplied to the
wirings.

At Time T1, the wiring 76 1s set at “H” and the wiring 75
1s set at “H”, to set the potentials of the charge accumulation
portions RD1 and RD2 to a first reset potential (VDD). At
this time, 1n some cases, the potential of the charge detection
portion ND 1s increased owing to capacitive coupling by the
capacitor 64, which turns on the transistor 53, leading to
light emission from the display element 11.

At Time T2, the wiring 75 1s set at “L”", and at Time T3,
the wiring 76 1s set at “L”, to make the potential of the
charge accumulation portion RD1 start changing. The poten-
tial of the charge accumulation portion RD1 1s changed from
VDD to GND at the minimum depending on the intensity of
light that has entered the photoelectric conversion element
10.

At Time T4, the wiring 75 1s set at “H” and the wiring 84
1s set at “H”, so that the potential of the charge accumulation
portion RD2 becomes equal to the potential of the charge
accumulation portion RD1. In addition, the potential of the
charge detection portion ND 1s set at a second reset potential.

At Time T5, the wiring 84 1s set at “L”, so that the
potential of the charge detection portion ND 1s decreased
owing to capacitive coupling by the capacitor 64.

At Time T6, the wiring 76 1s set at “H”, so that the
potential of the charge accumulation portion RD1 becomes
the first reset potential (VDD). In other words, the potentials
of the charge accumulation portions RD1 and RD2 are
increased by the amount decreased in the exposure period
(from Time T3 to Time T6). At this time, the potential of the
charge detection portion ND 1s increased 1n response to the
increase 1n the potentials of the charge accumulation por-
tions RD1 and RD2 due to capacitive coupling by the
capacitor 64. That 1s, the charge detection portion ND
becomes to have a potential retlecting the exposure period,
and the display element 11 emaits light 1n accordance with the
potential.

In this operation, the higher the light intensity, the poten-
tials of the charge accumulation portions RD1 and RD2 are
lower 1 the exposure period, increasing the difference
between the potentials of the charge accumulation portions
RD1 and RD2 and the first reset potential. Thus, when the
light intensity 1s high, the potential of the charge detection
portion ND 1s relatively high, and when the light intensity 1s
low, the potential of the charge detection portion ND 1is
relatively low.

Thus, even 1n the case where the transistor 53 1s of an
n-channel type, the pixel circuit 179 can be configured so
that the display element 11 emits bright light when the
potential of the charge detection portion ND 1s high.
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Note that T6 corresponds to T1, and the repetition of the
above-described operation enables high-speed 1mage cap-
ture and display operation.

Furthermore, one embodiment of the present invention
may have a structure of a pixel circuit 180 illustrated in FIG.
14A. The pixel circuit 180 1s an example of a pixel circuit
for correlated double sampling which cancels out noise of a
component mcluded 1n a circuit, such as a transistor. Note
that a CDS circuit which performs correlated double sam-
pling 1s provided so as to be electrically connected to the
wiring 71. In the correlated double sampling, a signal at the
time of the reset operation 1s subtracted from an image signal
taken out to the wiring 71.

The pixel circuit 180 1s obtained by replacing the capaci-
tor 64 of the pixel circuit 179 with a transistor 61. In
addition, the connection direction of the photoelectric con-
version element 1s opposite to that i the pixel circuit 179.
One of a source and a drain of the transistor 61 1s electrically
connected to the other of the source and the drain of the
transistor 52. The other of the source and the drain of the
transistor 61 1s electrically connected to the gate of the
transistor 55.

A gate of the transistor 61 1s electrically connected to a
wiring 83. The wiring 83 can have a function of a signal line
which controls on/ofl of the transistor 61.

Note that a wiring which connects the other of the source
and the drain of the transistor 52 to the one of the source and
the drain of the transistor 61 1s referred to as a charge
accumulation portion RD.

Next, a fundamental operation of the pixel circuit 180 will
be described with reference to a timing chart of FIG. 14B.
Note that 1n the following operation example, VDD and
GND are supplied to the wirings 75, 76, 78, 80, and 84 as
“H” and “L”, respectively; VDD 1s supplied to the wirings
72, 74, and 79; GND 1s supplied to the wirings 73, 77, and
85; and an arbitrary potential (1image signal) 1s supplied to
the wiring 81. Other potentials can also be supplied to the
wirings.

At Time T1, the wiring 76 1s set at “H” and the wiring 75
1s set at “H”, to make the charge accumulation portion RD
have a reset potential (GND) (reset operation).

At Time T2, the wiring 76 1s set at “L” to make the
potential of the charge accumulation portion RD start chang-
ing (accumulation operation). The potential of the charge
accumulation portion RD 1s changed from GND to VDD at
the maximum depending on the intensity of light that has
entered the photoelectric conversion element 10.

At Time T3, the wiring 75 1s set at “L” to settle the
potential of the charge accumulation portion RD.

At Time T4, the wiring 78 1s set at “H” and the wiring 84
1s set at “H”, so that the potential of the charge detection
portion ND becomes the reset potential (GND) and the reset
potential (GND) containing a noise signal due to a transistor
or the like 1s read to the wiring 71. In this case, the reset
potential (GND) 1s stored 1n the CDS circuit. Note that the
display element 11 does not emit light at Time T4.

The wiring 84 1s set at “LL” at Time T35, and the wiring 83
1s set at “H” at Time 16, so that the potential of the charge
detection portion ND becomes equal to the potential of the
charge accumulation portion RD and a potential of an image
signal containing a noise signal due to a transistor or the like
1s read to the wiring 71. At Time T35, the display element 11
emits light 1n accordance with the potential of the charge
detection portion ND.

The CDS circuit performs an operation of subtracting the
previously stored reset potential (GND) containing the noise
signal due to the transistor or the like, from the potential of
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the 1mmage signal containing the noise signal due to the
transistor or the like, whereby a net image signal 1s obtained.

The wiring 83 1s set at “L” at Time 17, and the wiring 78
1s set at “L”” at Time T8. Thus, extraction of the image data
from which noise 1s removed 1s completed. Note that Time
T8 corresponds to Time T1, and the repetition of the
above-described operation enables high-speed 1mage cap-
ture and display operation and extraction of 1mage data from
which noise 1s removed.

Note that the structures of the pixel circuits 171 to 180
described above as one embodiment of the present invention
can be freely combined with one another.

FIGS. 15A to 15C illustrate examples of an 1mage dis-
played on the display portion 102. For example, an image of
objects such as a tlower blooming on the hill and an airship
floating 1n the air as illustrated 1n FIG. 15A 1s captured.

FIG. 15B 1s an example of adding time and AR-displayed
data on the objects. As described above, in the case of
displaying added data on the display portion, an operation of
overwriting the background image 1s performed. In the case
where the color of the background image 1s dark, visibility
1s enhanced by displaying the data 1n a bright color. In the
case where the color of the background 1s bright, visibility
1s hard to increase even when the luminance of the displayed
data 1s increased.

In such a case, 1t 1s preferable to display the data in a color
complementary to the color of the background. For example,
the words “Airship” and “Sunflower” are displayed pretfer-
ably 1n orange or yellow, which 1s a color complementary to
blue for the sky or a color close to the complementary color.
Furthermore, the numbers for the time are displayed pret-
erably in red or magenta, which 1s a color complementary to
green for the hill or a color close to the complementary color.

Moreover, by using the structure of the pixel circuit 176,
display of an image simultaneous with 1image capture can be
stopped 1n the selected pixel. Accordingly, as illustrated 1n
FIG. 15C, the background captured image in the region
where data such as the words are displayed 1s made not to
be displayed (made to be displayed in black), and the data
1s made to be displayed in a bright color. In this way,
visibility can be enhanced.

In the imaging display device of one embodiment of the
present invention, unlike a see-through display, an AR-
displayed image can be added to a captured image and thus
the position of the AR-displayed image does not need to be
adjusted with respect to the position of a viewer.

In the case where data of an object as illustrated in FIG.
15A 1s obtained from a server, if the object 1s an unknown
object, the following process 1s required: an 1image of the
object and data on the periphery are uploaded to the server,
and data such as the shape, color, place, and time 1is
compared with massive data in a database to obtain a
retrieval result. Accordingly, in the case where data 1s
obtained from the server, as described above, categories of
the object are preferably narrowed down before the retrieval
from the server.

The categories are preferably narrowed down by estima-
tion using a neural network.

FI1G. 16 1llustrates an operation of estimating categories of
an object using a neural network. Input data E, to E, (11s a
natural number) correspond to features extracted from an
image P of the object, such as the shape, color, and size, and
data which can be obtained by the imaging display device,
such as the position and time.

The mnput data E, to E, are respectively input to nodes F,
to F. 1n an mput layer 501, and the weighted data 1s input to
a first layer G, 1n a middle layer 502. Here, the middle layer
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502 includes an arbitrary number of layers G, to G; (j 1s a
natural number). In addition, each of the layers 1n the middle
layer 502 includes an arbitrary number of nodes. Data output
from the last layer G, of the middle layer 502 1s input to an
output layer 503. The output layer 503 outputs any one of H,
to H, (k 1s a natural number), which are results of the
category estimation of the object, or outputs some of the
category estimation results with high possibility.

Note that H, to H,, which are the results of the category
estimation, may be at any level, from rough categories of
whether the object 1s a natural object, an artificial object, or
a living thing to detailed categories that can identify the
object.

Then, the 1image P of the object, the input data E, to E,
and the category estimation result are transmitted to a server
505, and data on the object 1s searched. The detailed
estimation result can narrow down the databases to search 1n
the server 505 and thus shorten the search time.

However, the imaging display device has a limitation on
the chip area and processing speed of the neural network.
Therefore, the estimation of the category 1s preferably done
to a minimum necessary extent and utilized in conjunction
with the server 505. For example, on the precondition that
data 1s contained in databases included 1n the server 505, in
the case where the object 1s a building, 1f there are an
estimation result that the object 1s categorized as “building”,
an 1mage ol the object, and positional data, sufliciently
accurate data can be quickly obtained. Furthermore, in the
case where the object 1s a human, 1f there are an estimation
result that the object 1s categorized as “human” (contaiming
data on the sex, height, age, and the like) and an 1mage of
the human (preferably containing an 1mage of the face), an
individual can be identified quickly.

Next, structure examples of a neural network that can be
used 1 one embodiment of the present invention will be
described in detail with reference to FIGS. 17A to 17C. A
neural network NN includes neuron circuits and synapse
circuits provided between the neuron circuits.

FIG. 17A 1llustrates structure examples of a neuron circuit
NC and synapse circuits SC that constitute the neural
network NN. Input data x; to x, (L 1s a natural number) are
input to the synapse circuits SC. In addition, the synapse
circuits SC each have a function of storing a weight coet-
ficient w, (k 1s an 1teger of 1 to L inclusive). The weight
coellicient w, corresponds to the connection strength
between the neuron circuits NC.

When the mput data x, to x, are mput to the synapse
circuits SC, the sum of the products (x,w, ) for k=1 to L (1.e.,
X, W, +X,W,+ . . . X, W, ) of input data x, input to the synapse
circuit SC and the weight coetlicient w,_stored in the synapse
circuit SC, that 1s, a value obtained by the product-sum
operation of x, and w, 1s supplied to the neuron circuit NC.
When the value 1s larger than the threshold 0 of the neuron
circuit NC, the neuron circuit NC outputs a high-level signal
y. This phenomenon 1s referred to as firing of the neuron
circuit NC.

FIG. 17B 1llustrates an example of a model of the neural
network NN. The neural network NN has a structure of a
hierarchical perceptron using neuron circuits NC and syn-
apse circuits SC. The neural network NN includes an 1mput
layer IL, a hidden layer (middle layer) HL, and an output
layer OL.

The 1input layer 1L can output the input data x, to x, to the
hidden layer HL. The hidden layer HL includes hidden
synapse circuits HS and hidden neuron circuits HN. The
output layer OL includes output synapse circuits OS and
output neuron circuits ON.
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A value obtained by the product-sum operation using the
input data x, and the weight coetlicient w, that 1s held in the

hidden synapse circuit HS 1s supplied to the hidden neuron
circuit HN. Then, a value obtained by the product-sum
operation using the output of the hidden neuron circuit HN
and the weight coethicient w, that 1s held 1n the output
synapse circuit OS 1s supplied to the output neuron circuit
ON. Then, output data y, to y, are output from the output
neuron circuits ON.

As described above, the neural network NN to which
given mput data 1s supplied has a function of outputting, as
output data, values corresponding to weight coethicients held
in the synapse circuits SC and thresholds 0 of the neuron
circuits.

In addition, the neural network NN can perform super-
vised learning by the mput of teacher data. FIG. 17C shows
a model of the neural network NN which performs super-
vised learming using a backpropagation method.

The backpropagation method 1s a method for changing a
weilght coellicient w, of a synapse circuit so that the error
between output data from a neural network and a teacher
signal 1s reduced. Specifically, a weight coellicient w, of the
hidden synapse circuit HS 1s changed 1n accordance with an
error O, that 1s determined on the basis of the output data
(data v, to v, ) and the teacher data (data t, to t; ). In addition,
a weight coeflicient w, of a synapse circuit SC 1n the
previous stage 1s changed in accordance with the amount of
change 1n the weight coeflicient w, of the hidden synapse
circuit HS. In this manner, weight coeflicients of the synapse
circuits SC are sequentially changed on the basis of the
teacher data t, to t,, so that the neural network NN can
perform learning.

The structures of neural networks shown 1 FIGS. 17A to
17C can be used for the neural network 207 in FIG. 2.
Furthermore, the above-mentioned backpropagation method
can be used for the learning of the neural network 207.

Note that although one hidden layer HL 1s illustrated 1n
FIGS. 17B and 17C, the number of hidden layers HL can be
two or more. The use of a neural network including two or
more hidden layers HL (such a neural network is referred to
as a deep neural network (DNN)) enables deep learning.
Thus, the accuracy of 1image production can be improved.

As described above, one embodiment of the present
invention allows data on an object to be obtained quickly,
and an i1mage that well matches the reality can be AR-
displayed.

This embodiment can be combined with any of the other
embodiments as approprate.

Embodiment 2

In this embodiment, configuration examples of semicon-
ductor devices that can be used in the neural network
described 1n the above embodiment will be described.

In the case where a neural network 1s composed of
hardware, product-sum operations 1n the neural network can
be performed with the use of product-sum operation ele-
ments. In this embodiment, configuration examples of semi-
conductor devices that can be used as product-sum operation
clements 1 the neural network 207 will be described.
Configuration Example of Semiconductor Device

FIG. 18 illustrates a configuration example of a semicon-
ductor device 600. The semiconductor device 600 1llustrated
in FIG. 18 includes a memory circuit 610 (MEM), a refer-
ence memory circuit 620 (RMEM), a circuit 630, and a
circuit 640. The semiconductor device 600 may further
include a current supply circuit 650 (CREF).
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The memory circuit 610 (MEM) includes a memory cell
MC such as a memory cell MCJ1, j] and a memory cell
MCJ1+1, 7]. The memory cell MC includes an element that
has a function of converting an input potential into current.
As the element having such a function, an active element
such as a transistor can be used, for example. FIG. 18
illustrates an example where the memory cell MC 1ncludes
a transistor Trll.

A first analog potential 1s mput to the memory cell MC
through a wiring WD such as a wiring WDJ[j]. The first
analog potential corresponds to first analog data. The
memory cell MC has a function of generating a first analog
current corresponding to the first analog potential. Specifi-
cally, drain current of the transistor Trll, which 1s obtained
when the first analog potential 1s supplied to a gate of the
transistor 1rll, can be used as the first analog current.
Heremafter, current flowing 1n the memory cell M(CJ1, 1] 1s
denoted by I[1, 1], and current flowing in the memory cell
MCJ1+1, 1] 1s denoted by I[1+1, §].

Note that the drain current of the transistor Tr11 operating
in a saturation region 1s not dependent on voltage between
a source and a drain and is controlled by the difference
between its gate voltage and threshold voltage. Thus, the
transistor Tr1l desirably operates in a saturation region. The
gate voltage and the voltage between the source and the
drain of the transistor Trll are each approprately set to a
voltage at which the transistor Trll operates 1n a saturation
region.

Specifically, in the semiconductor device 600 1llustrated
in FIG. 18, a first analog potential VX[1, j] or a potential
corresponding to the first analog potential Vx|, 1] 1s input to
the memory cell MCJ1, 1] through the wiring WDJ1]. The
memory cell MCJ1, j] has a function of generating a first
analog current corresponding to the first analog potential
VX[1, 1]. This means that the current I[1, 1] flowing in the
memory cell M(CJ1,1] corresponds to the first analog current,
in this case.

Furthermore, 1n the semiconductor device 600 1llustrated
in FIG. 18, a first analog potential Vx[i1+1, 1] or a potential
corresponding to the first analog potential Vx[1+1, 1] 1s input
to the memory cell MC[1+1, 1] through the wiring WDJ[j].
The memory cell MCJ[1+1, j] has a function of generating a
first analog current corresponding to the first analog poten-
tial Vx[1+1, j]. This means that the current I[1+1, j] flowing
in the memory cell MCJ1+1, 1] corresponds to the first analog
current, in this case.

The memory cell MC has a function of holding the first
analog potential. In other words, the memory cell MC has a
function of holding the first analog current corresponding to
the first analog potential.

Moreover, a second analog potential 1s mput to the
memory cell MC through a wiring RW such as a wiring
RW]J1] and a wiring RWJ[i+1]. The second analog potential
corresponds to second analog data. The memory cell MC has
a function of adding the second analog potential or a
potential corresponding to the second analog potential to the
first analog potential that 1s held and a function of holding
a third analog potential obtained by the addition. The
memory cell MC also has a function of generating a second
analog current corresponding to the third analog potential. In
other words, the memory cell MC has a function of holding
the second analog current corresponding to the third analog
potential.

Specifically, in the semiconductor device 600 illustrated
in FIG. 18, a second analog potential Vw/[1, j] 1s mnput to the
memory cell MCJ1,j] through the wiring RW/[i1]. The memory
cell MC[1,1] has a function of holding a third analog potential
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corresponding to the first analog potential VX[i1, 1] and the
second analog potential Vw/[1, 1]. The memory cell MCJ[1,1]
also has a function of generating a second analog current
corresponding to the third analog potential. This means that
the current I[1,7] lowing 1n the memory cell M(CJ1,1] corre-
sponds to the second analog current, 1n this case.

Furthermore, 1n the semiconductor device 600 illustrated
in FI1G. 18, a second analog potential Vw[i+1, j] 1s 1nput to
the memory cell MCJ1+1, 1] through the wiring RW/[i1+1].
The memory cell MC[1+1, j] has a function of holding the
first analog potential Vx[1+1, 1] and a third analog potential
corresponding to the second analog potential Vw[i+1, j]. The
memory cell MCJi1+1, 1] also has a function of generating a
second analog current corresponding to the third analog
potential. This means that the current I[1+1,;] flowing in the
memory cell MCJ1+1,j] corresponds to the second analog
current, in this case.

The current I[1, j] flows between a wiring BL[j] and a
wiring VR][j] through the memory cell M1, j]. The current
I[1+1,7] lows between the wiring BL[j] and the wiring VR[]
through the memory cell MC[i1+1, j]. Accordingly, a current

IN, which corresponds to the sum of the current I[i1, 1] and
the current I[1+1,7], flows between the wiring BL[1] and the
wiring VR[j] through the memory cell MCJ1, j] and the

memory cell MC[1+1, 1].

The reference memory circuit 620 (RMEM) includes a
memory cell MCR such as a memory cell MCR[i1] and a
memory cell MCR[1+1]. Note that a first reference potential
VPR 1s mput to the memory cell MCR through a wiring
WDREF. The memory cell MCR has a function of gener-
ating a first reference current corresponding to the first
reference potential VPR. Heremaftter, current flowing 1n the
memory cell MCR[1] 1s denoted by IREF][1], and current
flowing in the memory cell MCR[1+1] 1s denoted by IREF
[1+1].

Specifically, in the semiconductor device 600 1illustrated
in FIG. 18, the first reference potential VPR 1s mput to the
memory cell MCR]1] through the wiring WDREF. The
memory cell MCR]J1] has a function of generating the first
reference current corresponding to the first reference poten-
tial VPR. This means that the current IREF[1] flowing in the
memory cell MCRJ1] corresponds to the first reference
current, 1n this case.

Furthermore, 1n the semiconductor device 600 illustrated
in FIG. 18, the first reference potential VPR 1s mput to the
memory cell MCR[1+1] through the wiring WDREF. The
memory cell MCRJ1+1] has a function of generating the first
reference current corresponding to the first reference poten-
tial VPR. This means that the current IREF[1+1] flowing in
the memory cell MCR|[1+1] corresponds to the first reference
current, 1n this case.

The memory cell MCR has a function of holding the first
retference potential VPR. In other words, the memory cell
MCR has a function of holding the first reference current
corresponding to the first reference potential VPR.

Moreover, the second analog potential 1s 1nput to the
memory cell MCR through the wiring RW such as the wiring
RW]/1] and the wiring RW[1+1]. The memory cell MCR has
a function of adding the second analog potential or a
potential corresponding to the second analog potential to the
first reference potential VPR that 1s held and a function of
holding a second reference potential obtained by the addi-
tion. The memory cell MCR also has a function of gener-
ating a second reference current corresponding to the second
reference potential. In other words, the memory cell MCR
has a function of holding the second reference current
corresponding to the second reference potential.
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Specifically, in the semiconductor device 600 1llustrated
in FIG. 18, the second analog potential Vw([1, 1] 1s mput to
the memory cell MCRJ1] through the wiring RW][i1]. The
memory cell MCR[1] has a function of holding a second
reference potential corresponding to the first reference
potential VPR and the second analog potential Vw[i, 1]. The
memory cell MCR[1] also has a function of generating the
second reference current corresponding to the second refer-
ence potential. This means that the current IREF[1] tlowing
in the memory cell MCR[i] corresponds to the second
reference current, i1n this case.

Furthermore, 1n the semiconductor device 600 1llustrated
in FIG. 18, the second analog potential Vw[i+1, 1] 1s 1nput
to the memory cell MCRJ1+1] through the wiring RW/[1+1].
The memory cell MCR[1+1] has a function of holding the
first reference potential VPR and a second reference poten-
t1al corresponding to the second analog potential Vw[1+1, j].
The memory cell MCRJi1+1] also has a function of gener-
ating the second reference current corresponding to the
second reference potential. This means that the current IREF
[1+1] flowing 1n the memory cell MCR|[1+1] corresponds to
the second reference current, 1n this case.

The current IREF[1] flows between a wiring BLREF and
a wiring VRREF through the memory cell MCRJ1]. The
current IREF [1+1] flows between the wiring BLREF and the
wiring VRREF through the memory cell MCRJ[1+1].
Accordingly, a current IREE, which corresponds to the sum
ol the current IREF[1] and the current IREF[1+1], flows
between the wiring BLREF and the wiring VRREF through
the memory cell MCRJ1] and the memory cell MCRJ1+1].

The current supply circuit 650 has a function of supplying
current with the same value as the current IREF that flows
through the wiring BLREF or supplying current correspond-
ing to the current IREF to the wiring BL. In the case where
the current I[j] that flows between the wiring BL[j] and the
wiring VR[j] through the memory cell MCJ1, j] and the
memory cell MCJ1+1,7] 1s different from the current IREF
that tlows between the wiring BLREF and the wiring
VRREF through the memory cell MCR]1] and the memory
cell MCR[1+1] and thus oflset current 1s set as described
later, current corresponding to the diflference flows in the
circuit 630 or the circuit 640. The circuit 630 serves as a
current source circuit, and the circuit 640 serves as a current
sink circuit.

Specifically, 1n the case where the current I[1] 1s higher
than the current IREF, the circuit 630 has a function of
generating a current Al[j] that corresponds to the difference
between the current I[j] and the current IREF. The circuit
630 also has a function of supplying the generated current
Al[j] to the wiring BL[j]. This means that the circuit 630 has
a Tunction of holding the current AlIf[j].

In the case where the current I[1] 1s lower than the current
IREF, the circuit 640 has a function of generating current
corresponding to the absolute value of the current Al[j] that
corresponds the difference between the current I[j] and the
current IREF. The circuit 640 also has a function of drawing
the generated current Al[j] from the wiring BL[1]. This
means that the circuit 640 has a tunction of holding the
current Al[y].

Next, an operation example of the semiconductor device
600 illustrated m FIG. 18 will be described.

First, a potential corresponding to the first analog poten-
tial 1s stored 1n the memory cell MCJ1, 1]. Specifically, a
potential VPR-VX([1, 1], which 1s obtained by subtracting the
first analog potential Vx]i1, 1] from the first reference poten-
tial VPR, 1s mput to the memory cell M(CJ1, 1] through the
wiring WDJ[1]. The memory cell M(]J1, 1] holds the potential




US 11,856,304 B2

25

VPR-VX[1, 1]. In addition, the memory cell MC[1, 1] gener-
ates the current I[1, j] that corresponds to the potential
VPR-VX]1, j]. The first reference potential VPR 1s, for
example, a potential that 1s higher than a ground potential.
Specifically, the first reference potential VPR 1s desirably
higher than a ground potential and as high as or lower than
a high-level potential VDD that 1s supplied to the current
supply circuit 630.

Furthermore, the potential VPR 1is stored in the memory
cell MCR[1]. Specifically, the potential VPR 1s input to the
memory cell MCRJ[1] through the wiring WDREF. The
memory cell MCR[1] holds the potential VPR. In addition,
the memory cell MCR[1] generates the current IREF [1] that
corresponds to the potential VPR.

Moreover, a potential corresponding to the first analog
potential 1s stored in the memory cell MC[1+1,7]. Specifi-
cally, a potential VPR-Vx[1+1, j], which 1s obtained by
subtracting the first analog potential Vx[i1+1, 1] from the first
reference potential VPR, 1s input to the memory cell MCJ1+
1, 1] through the wiring WDJ[1]. The memory cell MC[i1+1, 1]
holds the potential VPR-Vx[1+1, j]. In addition, the memory
cell MC[i1+1, j] generates the current I[1+1, 7] that corre-
sponds to the potential VPR-VXx[1+1, 1].

Furthermore, the first reference potential VPR 1s stored in
the memory cell MCR|[1+1]. Specifically, the potential VPR
1s iput to the memory cell MCRJ1+1] through the wiring
WDREF. The memory cell MCRJ[1+1] holds the potential
VPR. In addition, the memory cell MCR[1+1] generates the
current IREF[1+1] that corresponds to the potential VPR.

During the above operation, the wiring RW/[1] and the
wiring RWJ[1+1] are each set to a base potential. As a base
potential, for example, a ground potential or a low-level
potential VSS that 1s lower than a base potential can be used.
Alternatively, a potential between the potential VSS and the
potential VDD may be used as a base potential. This 1s
preferable because the potential of the wiring RW can be
higher than the base potential regardless of whether the
second analog potential Vw 1s positive or negative, which
enables easy generation of signals and multiplication of
either positive or negative analog data.

As a result of the above operation, current corresponding
to the sum of currents generated 1n the memory cells MC
connected to the wiring BL[j] flows through the wiring
BL[j]. Specifically, in FIG. 18, the current I[1], which 1s the
sum of the current I]1,]] generated 1n the memory cell M,
1] and the current I[1+1, j] generated in the memory cell
MCJ1+1, 1], flows through the wiring BL[j]. In addition, as
a result of the above operation, current corresponding to the
sum of currents generated in the memory cells MCR con-
nected to the wiring BLREF flows through the wiring
BLREF. Specifically, in FIG. 18, the current IREF, which 1s
the sum of the current IREF[1] generated in the memory cell
MCR][1] and the current IREF[1+1] generated 1n the memory
cell MCRJ1+1], flows through the wiring BLREF.

Next, an oflset current Ioilset[1], which 1s the difference
between the current I[j] obtained by inputting the first analog
potential and the current IREF obtained by mputting the first
reference potential, 1s held 1n the circuit 630 or the circuit
640 while the wiring RW[i1] and the wiring RW[1+1] are kept
at base potentials.

Specifically, when the current I[j] 1s higher than the
current IREF, the circuit 630 supplies the current Ioflset[q] to
the wiring BL[1]. This means that a current ICM][;] that flows
in the circuit 630 corresponds to the current Ioflset[]. The
current ICM][j] 1s held 1n the circuit 630. When the current
I[1] 1s lower than the current IREF, the circuit 640 draws the
current Ioffset[j] from the wiring BL[j]. This means that a
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current ICP[;] that flows 1n the circuit 640 corresponds to the
current Ioffset[j]. The current ICPJ[j] 1s held in the circuit
640.

Then, the second analog potential or a potential corre-
sponding to the second analog potential 1s stored in the
memory cell MC[1, j] so as to be added to the first analog
potential or a potential corresponding to the first analog
potential held 1n the memory cell MC[1, 1]. Specifically,
when the potential of the wiring RW]i1] 1s set to a potential
that 1s higher than a base potential by Vw|1], a second analog
potential Vw[i] 1s mnput to the memory cell MCJ1, 1] through
the wiring RWJ[1]. The memory cell MCJ1, 1] holds a poten-
tial VPR-VX][1, 1]+Vw][1]. Furthermore, the memory cell
MCIJ1, 1] generates the current I[1, 1] corresponding to the
potential VPR-VX[1, 1]+Vw/[1].

In addition, the second analog potential or the potential
corresponding to the second analog potential 1s stored 1n the
memory cell MC[1+1, 1] so as to be added to the first analog
potential or a potential corresponding to the first analog
potential held 1n the memory cell MCJ[1+1,7]. Specifically,
when the potential of the wiring RW/[1+1] 1s set to a potential
that 1s higher than a base potential by Vw[i1+1], a second
analog potential Vw[i+1] 1s input to the memory cell MC[1+
1, 1] through the wiring RW/[1+1]. The memory cell MC[1+1,
1] holds a potential VPR-Vx][1+1, 1]+ Vw[i1+1]. Furthermore,
the memory cell MC[1+1, j] generates the current I[1+1, 1]
corresponding to the potential VPR-VX[1+1, 1]+Vw[1+1].

In the case where the transistor Trll that operates 1n a
saturation region 1s used as an element for converting a
potential into current, since the drain current of the transistor
Tr11 included 1n the memory cell MCJ1,j] corresponds to the
current I[1,7], the second analog current i1s expressed by
Formula 1 below. Note that Vw][1] 1s the potential of the
wiring RWJ1], Vw[i1+1] 1s the potential of the wiring RW/[1+
1], k 1s a coetlicient, and Vth 1s the threshold voltage of the
transistor Trll.

1[i j1=k(VW[i]- Vih+ VPR-Vx[i j])? (Formula 1)

Furthermore, since the drain current of the transistor Trll
included in the memory cell MCRJ1] corresponds to the
current IREF[1], the second reference current 1s expressed by
Formula 2 below.

IREF[i]|=k(VWw[i]-Vih+VPR)> (Formula 2)

The current I[j], which corresponds to the sum of the
current I[1, j] flowing 1n the memory cell M(CJ1, 1] and the
current I[1+1.1] flowing in the memory cell MCJ1+1, 1], can
be expressed as 2il[1,j]. The current IREF, which corre-
sponds to the sum of the current IREF[1] flowing in the
memory cell MCR]J1] and the current IREF[1+1] flowing in
the memory cell MCR[1+1], can be expressed as 21IREF[1].
Accordingly, the current Al[j] that corresponds to the dif-
ference between the current I[j] and the current IREF 1is
expressed by Formula 3 below.

AI[j|=IREF-1[]=SiREF[i]-Zil[i j] (Formula 3)

The current Al[j] can be obtained from Formulae 1 to 3,
as expressed by Formula 4 below.

Al[j] = Zik(Vw[i] - Vth+ VRP)* — (Formula 4)

k(Vwli] = Vih + VPR — Vx[i, j]*}
= 2k2i(Vwli]- Vxli, j]) — 2kZi(Vih — VPR)-

Va[i, j] — kZiVx[i, j]>
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The term 2k21(Vw][1]-VX]1, 1]) 1n Formula 4 corresponds
to the sum of the product of the first analog potential VX[,
1] and the second analog potential Vw[i] and the product of
the first analog potential Vx[i+1, j] and the second analog
potential Vw[i+1].

Furthermore, 1t Ioflset]] 1s defined as the current Al[y] at
the time when the potential of the wiring RW/[i1] 1s all set to
a base potential, that 1s, when the second analog potential

Vw|1] and the second analog potential Vw[1+1] are both O,
Formula 5 below can be obtained from Formula 4.

Ioffset[j]=—2kZi(Vth-VPR) Vx[i j1-kZiVx[i j]°

It 1s found from Formulae 3 to 5 that 2k>21(Vw[1]-VX]1, 1])
that corresponds to the product-sum of the first analog data
and the second analog data 1s expressed by Formula 6 below.

(Formula 3)

2R2i(Vwli]-Vx[i,j)=IREF-I[j|-Ioilset[j]

When the potential of the wiring RW[1] 1s Vw][i1] and the
potential of the wiring RW[i+1] 1S Vw[i+1] a current Iout[q]
that flows from the erlng BL[j] 1s expressed by IREF-I
[1]-IofIset]j], where 1[j] 1s the sum of currents flowing in the
memory cells MC, IREF 1s the sum of currents flowing 1n the
memory cells MCR, and Ioffset[1] 1s current flowing in the
circuit 630 or the circuit 640. Accordmg to Formula 6, the
current Iout[j] equals to 2k21(Vw[1]-Vx]1, 1]), which corre-
sponds to the sum of the product of the first analog potential
Vx[1, 1] and the second analog potential Vw[1] and the
product of the first analog potential Vx[i1+1, ] and the second
analog potential Vw[1+1].

The transistor Trll desirably operates in a saturation
region. However, even if the operation region of the tran-
sistor Trll deviates from an ideal saturation region, the
transistor Trll 1s regarded as operating 1n a saturation region
as long as there 1s no problem in obtaiming current that
corresponds to the sum of the product of the first analog
potential V|1, 1] and the second analog potential Vw[1] and
the product of the first analog potential Vx[i1+1, j] and the
second analog potential Vw[1+1] with an accuracy within a
desired range.

According to one embodiment of the present invention,
analog data can be subjected to arithmetic processing with-
out being converted into digital data; thus, the circuit scale
of a semiconductor device can be reduced or the time
required for the arithmetic processing of analog data can be
shortened. Alternatively, according to one embodiment of
the present invention, power consumption of a semiconduc-
tor device can be reduced while the time required for
arithmetic processing of analog data 1s shortened.
Structure Example of Memory Circuit

Next, a specific configuration example of the memory
circuit 610 (MEM) and the reference memory circuit 620
(RMEM) will be described with reference to FIG. 19.

FIG. 19 illustrates an example where the memory circuit
610 (MEM) includes the memory cells MC 1n v rows and X
columns (x and y are natural numbers) and the reference
memory circuit 620 (RMEM) includes the memory cells
MCR 1 y rows and one column.

The memory circuit 610 1s connected to the wiring RW, a
wiring WW, the wiring WD, the wiring VR, and the wiring
BL. In the example illustrated 1n FIG. 19, wirings RW[1] to
RW]y] and wirings WW[1] to WW|[y] are connected to the
memory cells MC 1n the respective rows. Moreover, wirings
WDI[1] to WD[x], wirings BL[1] to BL[x], and wirings
VR][1] to VR[X] are connected to the memory cells MC in
the respective columns. Note that the wirings VR[1] to
VR|[x] may be connected to each other.

(Formula 6)
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The reference memory circuit 620 1s connected to the
wiring RW, the wiring WW, the wiring WDREF, the wiring
VRREF, and the wiring BLREF. In the example 1llustrated
in FIG. 19, the wirings RW[1] to RW][y] and the wirings
WW][1] to WW|[y] are connected to the memory cells MCR
in the respective rows. Moreover, the wiring WDREFEF, the
wiring BLREF, and the wiring VRREF are connected to the
memory cells MCR 1n the one column. Note that the wiring
VRREF may be connected to the wirings VR[1] to VR[x].

FIG. 20 illustrates, as an example, a specific circuit
configuration and a specific connection relationship of the
memory cells MC 1n any two rows and two columns among
the memory cells MC illustrated 1n FIG. 19 and the memory
cells MCR 1 any two rows and one column among the
memory cells MCR 1llustrated in FIG. 19.

Specifically, FIG. 20 illustrates the memory cell MCJ1, 1]

in the 1-th row and the j-th column, the memory cell
MC]J1+1,7] 1n the 1+1-th row and the j-th column, a memory
cell M(]J1, j+1] 1n the 1-th row and the j+1-th column, and a
memory cell MC[1+1, 1+1] 1n the 1+1-th row and the j+1-th
column. FIG. 20 also illustrates the memory cell MCR|1] 1n
the 1-th row and the memory cell MCRJ[1+1] 1n the 1+1-th
row. Note that 1 and 1+1 are each any number from 1 to v,
and j and j+1 are each any number from 1 to Xx.
The memory cell MCJ1, 1], the memory cell MCJa1, 1+1],
and the memory cell MCR]1] in the 1-th row are connected
to the wiring RWJi1] and a wiring WW/[1]. The memory cell
MCJ1+1, 1], the memory cell MCJ[1+1, 1+1], and the memory
cell MCR[1+1] 1n the 1+1-th row are connected to the wiring
RWJ1+1] and a wiring WW][1+1].

The memory cell M(CJ1, 1] and the memory cell MCJ1+1,
1] 1n the j-th column are connected to the wiring WDJ[j], the
wiring VR][j], and the wiring BL[j]. The memory cell M(C]1,
1+1] and the memory cell MC[i1+1, 1+1] 1n the j+1-th column
are connected to a wiring WDJ[1+1], a wiring VR][3+1], and
a wiring BL[1+1]. The memory cell MCR[1] 1n the 1-th row
and the memory cell MCR[i+1] in the 1+1-th row are
connected to the wiring WDREF, the wiring VRREF, and the
wiring BLREF.

The memory cells MC and MCR each include the tran-
sistor Trll, a transistor Trl2, and a capacitor C11. The
transistor 1r12 has a function of controlling the input of the
first analog potential to the memory cell MC or the memory
cell MCR. The transistor Tr1l has a function of generating
analog current in accordance with a potential mput to 1ts
gate. The capacitor C11 has a function of adding the second
analog potential or a potential corresponding to the second
analog potential to the first analog potential or a potential
corresponding to the first analog potential that 1s held in the
memory cell MC or the memory cell MCR.

Specifically, in the memory cell MC 1illustrated in FIG. 20,
a gate of the transistor Trl12 1s connected to the wiring WW,
one of a source and a drain of the transistor Trl12 1is
connected to the wiring WD, and the other of the source and
the drain of the transistor Tr12 i1s connected to the gate of the
transistor Tr1l. Furthermore, one of a source and a drain of
the transistor Trll 1s connected to the wiring VR, and the
other of the source and the drain of the transistor Trll is
connected to the wiring BL.. A first electrode of the capacitor
C11 1s connected to the wiring RW, and a second electrode
of the capacitor C11 1s connected to the gate of the transistor
Trll.

In addition, in the memory cell MCR 1illustrated in FIG.
20, a gate of the transistor Tr12 1s connected to the wiring
WW, one of a source and a drain of the transistor Tr12 i1s
connected to the wiring WDREF, and the other of the source
and the drain of the transistor Tr12 i1s connected to the gate
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of the transistor Tr1l. Furthermore, one of a source and a
drain of the transistor Trll 1s connected to the wiring
VRREEF, and the other of the source and the drain of the
transistor Tr1l 1s connected to the wiring BLREF. A first
clectrode of the capacitor C11 1s connected to the wiring
RW, and a second electrode of the capacitor C11 1s con-
nected to the gate of the transistor Trll.

The gate of the transistor Trll 1n the memory cell MC 1s
called anode N here. In the memory cell MC, the first analog
potential or a potential corresponding to the first analog
potential 1s input to the node N through the transistor Tr12.
Then, when the transistor Tr12 1s turned off, the node N 1s
brought into a floating state and the first analog potential or
the potential corresponding to the first analog potential 1s
held at the node N. In the memory cell MC, when the node
N 1s brought into a floating state, the second analog potential
or a potential corresponding to the second analog potential
input to the first electrode of the capacitor C11 1s applied to
the node N. As a result of the above operation, the node N
can have a potential obtained by adding the second analog
potential or the potential corresponding to the second analog,
potential to the first analog potential or the potential corre-
sponding to the first analog potential.

Because the potential of the first electrode of the capacitor
C11 1s applied to the node N through the capacitor C11, the
amount of change 1n the potential of the first electrode 1s not
exactly the same as the amount of change 1n the potential of
the node N, actually. Specifically, the accurate amount of
change 1n the potential of the node N can be calculated 1n the
following manner: a coupling coeflicient uniquely deter-
mined by the capacitance value of the capacitor C11, the
value of the gate capacitance of the transistor Trll, and the
value of parasitic capacitance 1s multiplied by the amount of
change in the potential of the first electrode. In the following
description, the amount of change 1n the potential of the first
clectrode 1s assumed to be substantially the same as the
amount of change 1n the potential of the node N, for easy
understanding.

The drain current of the transistor Trll 1s determined in
accordance with the potential of the node N. Thus, when the
transistor Tr12 1s turned ofl, the value of the drain current of
the transistor Trll as well as the potential of the node N 1s
held. The drain current 1s affected by the first analog
potential and the second analog potential.

The gate of the transistor Trll in the memory cell MCR
1s called a node NREF here. In the memory cell MCR, the
first reference potential or a potential corresponding to the
first reference potential 1s mput to the node NREF through
the transistor Tr12. Then, when the transistor Tr12 1s turned
ofil, the node NREF 1s brought into a floating state and the
first reference potential or the potential corresponding to the
first reference potential 1s held at the node NREF. In the
memory cell MCR, when the node NREF 1s brought into a
floating state, the second analog potential or a potential
corresponding to the second analog potential mput to the
first electrode of the capacitor C11 1s applied to the node
NREE. As a result of the above operation, the node NREF
can have a potential obtained by adding the second analog
potential or the potential corresponding to the second analog
potential to the first reference potential or the potential
corresponding to the first reference potential.

The drain current of the transistor Trll i1s determined in
accordance with the potential of the node NREF. Thus, when
the transistor Tr12 1s turned ofl, the value the drain current
of the transistor Trll as well as the potential of the node
NREF 1s held. The drain current i1s affected by the first

reference potential and the second analog potential.
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When the drain current of the transistor Trll in the
memory cell MCJ1, 1] 1s the current I[1, j] and the drain
current of the transistor Tr1l in the memory cell MCJ1+1, 1]
1s the current I[1+1, j], the sum of currents supplied to the
memory cell MC[1,)] and the memory cell MC[i+1, j]
through the wiring BL[j] 1s the current I[1]. When the drain
current of the transistor Trll in the memory cell MCJ1, j+1]
1s a current I[1, 1+1] and the drain current of the transistor
Tr1l 1in the memory cell MCJ1+1, j+1] 1s a current I[1+1,
1+1], the sum of currents supplied to the memory cell MCJ1,
1+1] and the memory cell MC[i1+1, j+1] through the wiring
BL[j+1] 1s a current I[j+1]. When the drain current of the
transistor Trll in the memory cell MCRJ[1] 1s the current
IREF[1] and the drain current of the transistor Trll in the
memory cell MCRJ1+1] 1s the current IREF[1+1], the sum of
currents supplied to the memory cell MCR[1] and the
memory cell MCRJ1+1] through the wiring BLREF 1s the
current IREF.

Configuration Example of Circuit 630, Circuit 640, and
Current Supply Circuit

Then, a specific configuration example of the circuit 630,
the circuit 640, and the current supply circuit 650 (CREF)
will be described with reference to FIG. 21.

FIG. 21 1illustrates a configuration example of the circuit
630, the circuit 640, and the current supply circuit 650 for
the memory cell MC and the memory cell MCR 1llustrated
in FIG. 20. Specifically, FIG. 21 1illustrates a circuit 630];]
for the memory cells MC 1n the j-th column and a circuit
630[/+1] for the memory cells MC 1n the j+1-th column, as
the circuit 630. FIG. 21 illustrates a circuit 640[;j] for the
memory cells MC 1n the 3-th column and a circuit 640[/+1]
for the memory cells MC 1n the j+1-th column, as the circuit
640.

The circuit 630[7] and the circuit 640[;] are connected to
the wiring BL[1]. The circuit 630[;+1] and the circuit 640
[/+1] are connected to the wiring BL[j+1].

The current supply circuit 630 1s connected to the wiring
BL[j], the wiring BL[j+1], and the wiring BLREF. The
current supply circuit 650 has a function of supplying the
current IREF to the wiring BLREF and a function of
supplying current that 1s the same as the current IREF or
current that corresponds to the current IREF to each of the
wiring BL[1] and the wiring BL[1+1].

Specifically, the circuit 630[/] and the circuit 630[H] each
include a transistor 1Tr24, a transistor Tr25, a transistor Tr26,
and a capacitor C22. The transistor 1r24 1n the circuit 630[/]
has a function of generating the current ICM][;] that corre-
sponds to the difference between the current I[j] and the
current IREF, when the current I[j] 1s higher than the current
IREF and offset current 1s set. Furthermore, the transistor
1124 1n the circuit 630[H] has a function of generating a
current ICM|[/+1] that corresponds to the difference between
the current I[j+1] and the current IREF, when the current
I[1+1] 1s higher than the current IREF. The current ICM]j]
and the current ICM]/+1] are supplied from the circuit 630];]
and the circuit 630[H] to the wiring BL[j] and the wiring
BL[1+1], respectively.

In each of the circuit 630[;] and the circuit 630[;+1], one
ol a source and a drain of the transistor 1r24 1s connected to
the corresponding wiring BL., and the other of the source and
the drain 1s connected to a wiring through which a prede-
termined potential 1s supplied. One of a source and a drain
of the transistor Tr25 i1s connected to the corresponding
wiring BL, and the other of the source and the drain 1s
connected to a gate of the transistor Tr24. One of a source
and a drain of the transistor Tr26 i1s connected to the gate of
the transistor Tr24, and the other of the source and the drain
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1s connected to a wiring through which a predetermined
potential 1s supplied. A first electrode of the capacitor C22
1s connected to the gate of the transistor 1r24, and a second
clectrode of the capacitor C22 1s connected to a wiring
through which a predetermined potential 1s supplied.

A gate of the transistor 1r235 1s connected to a wiring
OSM, and a gate of the transistor 1r26 1s connected to a
wiring ORM.

Note that FIG. 21 illustrates an example where the tran-
sistor 1r24 1s a p-channel transistor and the transistors Tr25
and Tr26 are n-channel transistors.

The circuit 640[;] and the circuit 640[j+1] each include a

transistor 1r21, a transistor Tr22, a transistor Tr23, and a
capacitor C21. The transistor Tr21 in the circuit 640[/] has
a function of generating the current ICP[j] that corresponds
to the difference between the current I[j] and the current
IREF, when the current IN 1s lower than the current IREF

and offset current 1s set. Furthermore, the transistor 1r21 in

the circuit 640[;+1] has a function of generating a current
ICP[j+1] that corresponds to the difference between the
current I[1+1] and the current IREF, when the current I[j+1]
1s lower than the current IREF. The current ICP[j] and the
current ICP[j+1] are drawn from the wiring BL[j] and the
wiring BL[j+1] 1nto the circuit 640[;] and the circuit 640[;+
1], respectively.

Note that the current ICM[j] and the current ICP[3] each
correspond to Ioflset[j], and the current ICM][j+1] and the
current ICP [j+1] each correspond to Ioflset[j+1].

In each of the circuit 640[;] and the circuit 640[;+1], one
ol a source and a drain of the transistor Tr21 1s connected to
the correspondlng wiring BL, and the other of the source and
the drain 1s connected to a wiring through which a prede-
termined potential 1s supplied. One of a source and a drain
of the transistor Tr22 i1s connected to the corresponding
wiring BL, and the other of the source and the drain 1s
connected to a gate of the transistor Tr21. One of a source
and a drain of the transistor 1r23 is connected to the gate of
the transistor Tr21, and the other of the source and the drain
1s connected to a wiring through which a predetermined
potential 1s supplied. A first electrode of the capacitor C21
1s connected to the gate of the transistor Tr21, and a second
clectrode of the capacitor C21 1s connected to a wiring
through which a predetermined potential 1s supplied.

A gate of the transistor Tr22 1s connected to a wiring OSP,
and a gate of the transistor Tr23 1s connected to a wiring
ORP.

Note that FIG. 21 illustrates an example where the tran-
sistors Tr21 to Tr23 are re-channel transistors.

The current supply circuit 650 includes a transistor Tr27
for the wiring BL and a transistor Tr28 for the wiring
BLREF. Specifically, FIG. 21 illustrates an example where
the current supply circuit 630 includes, as the transistor
1127, a transistor 1r27[;] for the wiring BL[j] and a transistor
Tr27[j+1] for the wiring BL[1+1].

A gate of the transistor 1r27 1s connected to a gate of the
transistor Tr28. One of a source and a drain of the transistor
Tr27 1s connected to the corresponding wiring BL, and the
other of the source and the drain 1s connected to a wiring
through which a predetermined potential 1s supplied. One of
a source and a drain of the transistor Tr28 1s connected to the
wiring BLREF, and the other of the source and the drain 1s
connected to a wiring through which a predetermined poten-
tial 1s supplied.

The transistors Tr27 and Tr28 have the same polarity.
FIG. 21 1llustrates an example where the transistors 1Tr27 and
1128 are p-channel transistors.
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The drain current of the transistor Tr28 corresponds to the
current IREF. The transistor Tr27 and the transistor Tr28
collectively serve as a current mirror circuit; thus, the drain
current of the transistor Tr27 1s substantially the same as the
drain current of the transistor Tr28 or corresponds to the
drain current of the transistor Tr28.

Operation Example of Semiconductor Device

Next, a specific operation example of the semiconductor
device 600 of one embodiment of the present invention will
be described with reference to FIG. 20, FIG. 21, and FIG.
22.

FIG. 22 1s an example of a timing chart showing the
operations of the memory cell MC and the memory cell
MCR 1illustrated 1n FIG. 20 and the circuit 630, the circuit
640, and the current supply circuit 650 illustrated in FIG. 21.
From Time T01 to Time T04 1in FIG. 22, the first analog data
1s stored 1n the memory cell MC and the memory cell MCR.
From Time TO0S5 to Time T10, the value of the offset current
Ioflset that 1s supplied from the circuit 630 and the circuit
640 1s set. From Time T11 to Time 116, data corresponding
to the product-sum of the first analog data and the second
analog data 1s acquired.

Note that a low-level potential VSS 1s supplied to the
wiring VR[j] and the wiring VR[j+1]. The high-level poten-
tial VDD 1s supplied to all wirings having a predetermined
potential that are connected to the circuit 630. The low-level
potential VSS 1s supplied to all wirings having a predeter-
mined potential that are connected to the circuit 640. Fur-
thermore, the high-level potential VDD 1s supplied to all
wirings having a predetermined potential that are connected
to the current supply circuit 650.

The transistors Trll, Tr21, Tr24, Tr27][j], Tr27[j+1], and
1128 cach operate 1n a saturation region.

First, a high-level potential 1s applied to the wiring W W/[i]
and a low-level potential 1s applied to the wiring WW/[1+1]
from Time T01 to Time T02. Accordingly, the transistors
1r12 1 the memory cell MCJi, 1], the memory cell M|,
1+1], and the memory cell MCR[1] illustrated 1n FIG. 20 are
turned on. The transistors 1r12 in the memory cell MC[1+1,
1], the memory cell MCJi1+1, j+1], and the memory cell
MCR]1+1] remain off.

In addition, from Time TO01 to Time T02, a potential
obtained by subtracting the first analog potential from the
first reference potential VPR 1s applied to each of the wiring
WDJ[j] and the wiring WDJ[j+1] 1illustrated in FIG. 20.
Specifically, the potential VPR-VX]1, j] 1s applied to the
wiring WDJ[j], and a potential VPR-VX]1, 1+1] 1s applied to
the wiring WDJ[j+1]. The first reference potential VPR 1s
applied to the wiring WDREFEF, and a potential between the
potential VSS and the potential VDD, e.g., a potential
(VDD+VSS)/2, 1s applied as a base potential to the wiring
RW]1] and the wiring RW[i1+1].

Accordingly, the potential VPR-VX]1, 1] 1s applied to a
node NJ1, 1] through the transistor Trl12 1n the memory cell
MC]1, 1] illustrated 1n FIG. 20, the potential VPR-VX|1, 1+1]
1s applied to a node N1, j+1] through the transistor Tr12 1n
the memory cell MCJ1, j+1], and the potential VPR 1s
applied to a node NREF][1] through the transistor Tr12 in the
memory cell MCR[1].

After Time T02, the potential applied to the wiring W W{i1]
illustrated 1n FIG. 20 changes from a high-level potential to
a low-level potential, so that the transistors Tr12 in the
memory cell M(CJ1, j], the memory cell M(]J1, 1+1], and the
memory cell MCR([1] are turned ofl. Accordingly, the poten-
tial VPR-VX[1, 1] 1s held at the node NI, 1], the potential
VPR-VX][1, j+1] 1s held at the node N[i1, j+1], and the

potential VPR 1s held at the node NREF]1].
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Then, from Time T03 to Time T04, the potential of the
wiring WW][1] illustrated 1n FIG. 20 remains at a low level
and a high-level potential 1s applied to the wiring WW/[1+1].
Accordingly, the transistors Tr12 in the memory cell MCJ1+
1.1], the memory cell MC[1+1,1+1], and the memory cell
MCR]1+1] 1llustrated 1n FIG. 20 are turned on. The transis-
tors Tr12 in the memory cell M(CJ1, j], the memory cell
MC]J1, 1+1], and the memory cell MCR]1] remain ofl.

In addition, from Time T03 to Time 104, a potential
obtained by subtracting the first analog potential from the
first retference potential VPR 1s applied to each of the wiring
WDJ[j] and the wiring WDJ[j+1] 1illustrated in FIG. 20.
Specifically, the potential VPR-VX[1+1, 7] 1s applied to the
wiring WDJ1], and a potential VPR-VX[1+1, 1+1] 1s applied
to the wiring WDJ[j+1]. The first reference potential VPR 1s
applied to the wiring WDREF, and a potential between the
potential VSS and the potential VDD, e.g., the potential
(VDD+VSS)/2, 1s applied as a base potential to the wiring
RW]/1] and the wiring RW[1+1].

Accordingly, the potential VPR-VX][1+1, 1] 1s applied to a
node NJ[1+1, 1] through the transistor Tr12 in the memory cell
MC]J1+1,7] illustrated in FI1G. 20, the potential VPR-Vx[1+1,
1+1] 1s applied to a node N[i1+1, j+1] through the transistor
Tr12 in the memory cell MC[i1+1, j+1], and the potential
VPR 1s applied to a node NREF[1+1] through the transistor
Tr12 i the memory cell MCR[1+1].

After Time T04, the potential applied to the wiring
WW/[1+1] illustrated 1n FIG. 20 changes from a high-level
potential to a low-level potential, so that the transistors Trl2
in the memory cell MCJ1+1, ], the memory cell MCJ1+1,j+
1], and the memory cell MCRJ[1+1] are turned off. Accord-
ingly, the potential VPR-VX[1+1, j] 1s held at the node

N[1+1, 7], the potential VPR-VX[1+1, 1+1] 15 held at the node
N[1+1, j+1], and the potential VPR 1s held at the node
NREF[1+1].

Next, a hlgh level potential 1s applied to the wiring ORP
and the wiring ORM 1illustrated in FIG. 21 from Time T03
to Time T06. When a high-level poten‘[ial 1s applied to the
wiring ORM, the transistors 1r26 1n the circuit 630[7] and
the circuit 630[7+1] 1llustrated 1n FIG. 21 are turned on, so
that the gates of the transistors Tr24 are reset by the potential
VDD applied thereto. Furthermore, when a high-level poten-
tial 1s applied to the wiring ORP, the transistors 1r23 in the
circuit 640[7] and the circuit 640[;+1] 1llustrated 1n FIG. 21
are turned on, so that the gates of the transistors Tr21 are
reset by the potential VSS applied thereto.

After Time T06, the potential applied to the wiring ORP
and the wiring ORM 1illustrated in FIG. 21 changes from a
high-level potential to a low-level potential, so that the
transistors 1r26 in the circuit 630[7] and the circuit 630[/+1]
and the transistors 1r23 1n the circuit 640[/] and the circuit
640[j+1] are turned ofl. Accordingly, the potential VDD 1s
held at the gate of the transistor 1r24 in each of the circuit
630[/] and the circuit 630[;+1], and the potential VSS 1s held
at the gate of the transistor Tr21 in each of the circuit 640][;]
and the circuit 640([;+1].

From Time T07 to Time T08, a high-level potential 1s
applied to the wiring OSP 1illustrated in FIG. 21. Further-
more, a potential between the potential VSS and the poten-
tial VDD, e.g., the potential (VDD+VSS)/2, 1s applied as a
base potential to the wiring RWJ1] and the wiring RW[i1+1]
illustrated in FIG. 20. Since a high-level potential 1s applied
to the wiring OSP, the transistors Tr22 in the circuit 640(/]
and the circuit 640[;+1] are turned on.

If the current I[j] flowing through the wiring BL[j] 1s
lower than the current IREF flowing through the wiring
BLREF, that 1s, if the current Al[j] has a positive value, 1t
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means that the sum of current that can be drawn by the
transistor Tr28 in the memory cell MC[1, j] illustrated in
FIG. 20 and current that can be drawn by the transistor Tr28
in the memory cell MCJ[i1+1, j] 1s smaller than the value of
the drain current of the transistor Tr27[j]. Thus, if the current
Allj] has a positive value, part of the drain current of the
transistor 1r27[j] tflows to the gate of the transistor Tr21
when the transistor Tr22 1s turned on 1n the circuit 640[/],
and the potential of the gate starts to rise. When the drain
current of the transistor Tr21 becomes substantially equal to
the current Al[j], the potential of the gate of the transistor
Tr21 converges on a certain value. The potential of the gate
of the transistor Tr21 at this time corresponds to a potential
at which the drain current of the transistor Tr21 becomes the

current Alfj], 1.e., Ioflset[1](=ICP[j]). This means that the

transistor Tr21 1n the circuit 640[/] 1s 1n a state of serving as
a current source that can supply the current ICP[j].

Similarly, if I[j+1] flowing through the wiring BL[1+1] 1s
lower than the current IREF flowing through the wiring
BLREEF, that 1s, 1f a current Al[j+1] has a positive value, part
of the drain current of the transistor Tr27[j+1] tlows to the
gate of the transistor Tr21 when the transistor 1r22 1s turned
on 1n the circuit 640[;+1], and the potential of the gate starts
to rise. When the drain current of the transistor Tr21
becomes substantially equal to the current AI[j+1], the
potential of the gate of the transistor 1r21 converges on a
certain value. The potential of the gate of the transistor Tr21
at this time corresponds to a potential at which the drain
current of the transistor Tr21 becomes the Al[j+1], 1.e.,
IofIset[1+1](=ICP[1+1]). This means that the transistor Tr21
in the circuit 640[/+1] 1s 1n a state of serving as a current
source that can supply the current ICP[1+1].

After Time T08, the potential applied to the wiring OSP
illustrated 1n FIG. 21 changes from a high-level potential to
a low-level potential, so that the transistors 1r22 in the
circuit 640[;] and the circuit 640[j+1] are turned ofl. Accord-
ingly, the potentials of the gates of the transistors 1r21 are
held. Thus, the circuit 640[;] remains 1n a state of serving as
the current source that can supply the current ICP [7], and the
circuit 640[;/+1] remains 1n a state of serving as the current
source that can supply the current ICP[j+1].

From Time T09 to Time 110, a high-level potential 1s
applied to the wiring OSM 1illustrated 1n FIG. 21. Further-
more, a potential between the potential VSS and the poten-
tial VDD, e.g., the potential (VDD+VS8)/2, 1s applied as a
base potential to each of the wiring RWJ1] and the wiring
RW/1+1] illustrated 1n FIG. 20. Since a high-level potential
1s applied to the wiring OSM, the transistors 1r25 1n the
circuit 630[/] and the circuit 630[/+1] are turned on.

If I[;] flowing through the wiring BL[1] 1s higher than the
current IREF flowing through the wiring BLREF, that 1s, 1f
Al[j] has a negative value, 1t means that the sum of current
that can be drawn by the transistor Tr28 in the memory cell
MCI1, 1] illustrated 1n FIG. 20 and current that can be drawn
by the transistor Tr28 in the memory cell MC[1+1,1] 1s larger
than the value of the drain current of the transistor Tr27[/].
Thus, 11 the current Al[j] has a negative value, current tlows
from the gate of the transistor Tr24 to the wiring BL[j] when
the transistor Tr25 is turned on in the circuit 630[/], and the
potential of the gate starts to decrease. When the drain
current of the transistor Tr24 becomes substantially equal to
the current Al[j], the potential of the gate of the transistor
1124 converges on a certain value. The potential of the gate
ol the transistor Tr24 at this time corresponds to a potential
at which the drain current of the transistor Tr24 becomes the

current Al[j], 1.e., Ioflset]1](=ICM]j]). This means that the
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transistor 1r24 1n the circuit 630[/] 1s 1n a state of serving as
a current source that can supply the current ICM[1].

Similarly, 11 I[1+1] flowing through the wiring BL[j+1] 1s
higher than the current IREF flowing through the wiring
BLREF, that 1s, 1f the current Al[j+1] has a negative value,
current flows from the gate of the transistor 1r24 in the
circuit 630[;+1] to the wiring BL[j+1] when the transistor
1125 1s turned on, and the potential of the gate starts to
decrease. When the drain current of the transistor Tr24
becomes substantially equal to the absolute value of the
current Al[j+1], the potential of the gate of the transistor
1124 converges on a certain value. The potential of the gate
of the transistor Tr24 at this time corresponds to a potential
at which the drain current of the transistor Tr24 becomes
equal to the absolute value of the current AI[j+1], 1.e.
TofIset[1+1](=ICM[j+1]). This means that the transistor Tr24
in the circuit 630[;+1] 1s 1n a state of serving as a current
source that can supply the current ICM[1+1].

After Time T10, the potential applied to the wiring OSM
illustrated 1n FIG. 21 changes from a high-level potential to
a low-level potential, so that the transistors 1r25 in the
circuit 630[;] and the circuit 630[;+1] are turned off. Accord-
ingly, the potentials of the gates of the transistors 1r24 are
held. Thus, the circuit 630[;] remains 1n a state of serving as
the current source that can supply the current ICM[]] and
the circuit 630[;/+1] remains i a state of serving as the
current source that can supply the current ICM[1+1].

In each of the circuit 640[;] and the circuit 640[;+1], the
transistor Tr21 has a function of drawing current. Thus, from
Time TO07 to Time T08, when the current I[j] flowing
through the wiring BL[j] 1s higher than the current IREF
flowing through the wiring BLREF and Al[j] has a negatlve
value, or when the current I[j+1] flowing through the wiring
BL[j+1] 1s higher than the current IREF tlowing through the
wiring BLREF and AlI[j+1] has a negative value, 1t might be
dificult to supply current from the circuit 640[/] or the
circuit 640[;+1] to the wiring BL[j] or the wiring BL[]+1]
without excess or deficiency. In that case, it might be
difficult for the transistor Trl1 in the memory cell MC, the
transistor Tr21 in the circuit 640([;] or the circuit 640[;+1],
and the transistor Tr27[j] or Tr27[;+1] to concurrently oper-
ate 1 a saturation region because a balance between the
current flowing through the wiring BLREF and the current
flowing through the wiring BL[j] or the wiring BL[j+1] 1s
struck.

To ensure the operations of the transistor Trll, the tran-
sistor Tr21, and the transistor 1r27[;] or Tr27[j+1] 1n a
saturation region from Time T07 to Time T08 even when
Allj] has a negative value, the potential of the gate of the
transistor 1r24 may be set to a potential that 1s high enough
to obtain a predetermined drain current, instead of resetting,
the potential of the gate of the transistor 1r24 to the potential
VDD, from Time TO0S5 to Time T06. In the above configu-
ration, the amount of current that cannot be drawn by the
transistor Tr1l can be drawn by the transistor Tr21 to some
extent because current from the transistor 1r24, as well as
the drain current of the transistor Tr27[j] or Tr27[j+1], 1s
supplied; thus, the operations of the transistor Trll, the
transistor 1Tr21, and the transistor Tr27[j] or Tr27[j+1] 1n a
saturation region can be ensured.

Note that 11 I[1] flowing through the wiring BL[1] 1s lower
than the current IREF flowing through the wiring BLREF,
that 1s, 11 Al[j] has a positive value, from Time T09 to Time
110, since the circuit 640[/] has been set as the current
source that can supply the current ICP[j] from Time T07 to
Time T08, the potential of the gate of the transistor 1r24 1n
the circuit 630[/] keeps a value substantially the same as that
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of the potential VDD. Similarly, 1f the current I[1+1] flowing
through the wiring BL[1+1] 1s lower than the current IREF
flowing through the wiring BLREF, that 1s, if the current
Al[j+1] has a positive value, since the circuit 640[;+1] has
been set as the current source that can supply the current
ICP[1+1] from Time TO07 to Time T08, the potential of the
gate of the transistor Tr24 1n the circuit 630[/+1] keeps a
value substantially the same as that of the potential VDD.

Then, from Time T11 to Time 112, the second analog
potential Vw]i1] 1s applied to the wiring RW/[1] 1llustrated in
FIG. 20. Furthermore, a potential between the potential VSS

and the potential VDD, e.g., the potential (VDD+VSS)/2, 1s

still applied as a base potential to the wiring RW[i+1]. In
practice, the potential of the wiring RW]J1] 1s a potential
higher than the potential between the potential VSS and the
potential VDD (e.g., the potential (VDD+VSS)/2), which 1s
a base potential, by Vw/[1]; for the simplicity of the following
description, however, the potential of the wiring RW[i1] 1s
assumed to be the potential Vwl[i].

When the potential of the wiring RWJ[1] becomes the
potential Vw[1], with the assumption that the amount of
change 1n the potential of the first electrode of the capacitor
C11 1s substantially the same as the amount of change in the
potential of the node N, the potential of the node N 1n the
memory cell MCJ1, 1] illustrated 1n FIG. 20 becomes VPR-
Vx[1, j]+Vw[1] and the potential of the node N in the
memory cell MCJ1, 1+1] becomes VPR-VX][1, j+1]+VWw][1].
According to Formula 6, the product-sum of the first analog
data and the second analog data for the memory cell MC[1,1]
aflects current obtained by subtracting Iofiset[j] from the
current Alfj], that 1s, the current Iout[j] flowing from the
wiring BL[j]. Furthermore, the product-sum of the first
analog data and the second analog data for the memory cell
MC]1, j+1] aflects current obtained by subtracting Iofiset[j+
1] from the current AI[j+1], that 1s, a current Iout[j+1]
flowing from the wiring BL[j+1].

After Time T12, a potential between the potential VSS
and the potential VDD (e.g., the potential (VDD+VSS)/2),
which 1s a base potential, 1s applied again to the wiring
RWT/1].

Then, from Time T13 to Time 114, the second analog
potential Vw[i+1] 1s applied to the wiring RW/[i1+1] 1llus-
trated in FIG. 20. Furthermore, a potential between the
potential VSS and the potential VDD, e.g., the potential
(VDD+VSS)/2, 1s still applied as a base potential to the
wiring RW[1]. In practice, the potential of the wiring RW/[1+
1] 1s a potential higher than the potential between the
potential VSS and the potential VDD (e.g., the potential
(VDD+VSS5)/2), which 1s a base potential, by Vw[i1+1]; for
the simplicity of the following description, however, the
potential of the wiring RWJ[i1+1] 1s assumed to be the
potential Vw[i+1].

When the potential of the wiring RW/[1+1] becomes the
potential Vw[i1+1], with the assumption that the amount of
change 1n the potential of the first electrode of the capacitor
C11 1s substantially the same as the amount of change in the
potential of the node N, the potential of the node N 1n the
memory cell MC[1+1,7] illustrated i FIG. 20 becomes
VPR-Vx[1+1, 1]+ Vw[i1+1] and the potential of the node N 1n
the memory cell MC[1+1, 1+1] becomes VPR-VXx[1+1, j+1 ]+
Vw[i1+1]. According to Formula 6, the product-sum of the
first analog data and the second analog data for the memory
cell MCJ1+1,j] affects current obtained by subtracting loilset
[1] from the current Al[j], that 1s, Iout[j]. Furthermore, the
product-sum of the first analog data and the second analog
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data for the memory cell MC[1+1, j+1] aflects current
obtained by subtracting Ioflset[j+1] from the current Al[j+
1], that 1s, Iout[j+1].

After Time T12, a potential between the potential VSS
and the potential VDD (e.g., the potential (VDD+VSS5)/2),
which 1s a base potential, 1s applied again to the wiring
RWJi1+1].

Then, from Time T15 to Time T16, the second analog
potential Vw]i1] 1s applied to the wiring RW/[1] 1llustrated in
FIG. 20 and the second analog potential Vw[1+1] 1s applied
to the wiring RWJ[i+1]. In practice, the potential of the
wiring RW/[1] 1s a potential higher than the potential between
the potential VSS and the potential VDD (e.g., the potential
(VDD+VSS)/2), which 1s a base potential, by Vw/[i], and the
potential of the wiring RWJ[i1+1] 1s a potential higher than the
potential between the potential VSS and the potential VDD
(e.g., the potential (VDD+VS8)/2), which 1s a base potential,
by Vw[i1+1]; for the simplicity of the following description,
however, the potential of the wiring RW/[1] 1s assumed to be
the potential Vw[1] and the potential of the wiring RW[i1+1]
1s assumed to be the potential Vw[i1+1].

When the potential of the wiring RWJ[1] becomes the
potential Vw][i1], with the assumption that the amount of
change 1n the potential of the first electrode of the capacitor
C11 1s substantially the same as the amount of change 1n the
potential of the node N, the potential of the node N 1n the
memory cell MCJ1, 1] i1llustrated 1n FIG. 20 becomes VPR-
Vx[1, 1][+Vw[i1] and the potential of the node N 1in the
memory cell MCJ1, 1+1] becomes VPR-VX]1, j+1]+Vw[1].
Furthermore, when the potential of the wiring RW/[1+1]
becomes the potential Vw[1+1], with the assumption that the
amount ol change 1n the potential of the first electrode of the
capacitor C11 1s substantially the same as the amount of
change 1n the potential of the node N, the potential of the
node N in the memory cell MC[i1+1, j] i1llustrated in FIG. 20
becomes VPR-VX[1+1, 1]+Vw[i1+1] and the potential of the
node N 1n the memory cell MCJ[1+1, j+1] becomes VPR-
Vx[1+1, 1+1]+Vw[1+1].

According to Formula 6, the product-sum of the first
analog data and the second analog data for the memory cell
MCIJ1, 1] and the memory cell MC[1+1, 3] aflects current
obtained by subtracting Ioflset[j] from the current Al[j], that
1s, the current Iout[j]. Furthermore, the product-sum of the
first analog data and the second analog data for the memory
cell MC[1, 1+1] and the memory cell MCJ[1+1, j+1] aflects
current obtained by subtracting Ioffset[j+1] from the current
Al[j+1], that 1s, a current Iout[j+1].

After Time T16, a potential between the potential VSS
and the potential VDD (e.g., the potential (VDD+VS5)/2),
which 1s a base potential, 1s applied again to the wiring
RW]1] and the wiring RW[1+1].

With the above configuration, the product-sum operation
can be performed with a small circuit scale. With the above
configuration, the product-sum operation can be performed
at high speed. With the above configuration, the product-
sum operation can be performed with low power.

Note that a transistor with an extremely low ofl-state
current 1s desirably used as the transistor Tr12, Tr22, Tr23,
1125, or Tr26. When a transistor with an extremely low
ofl-state current 1s used as the transistor Tr12, the potential
of the node N can be held for a long time. When a transistor
with an extremely low ofl-state current 1s used as the
transistors 1r22 and Tr23, the potential of the gate of the
transistor 1r21 can be held for a long time. When a transistor
with an extremely low ofl-state current 1s used as the
transistors 1r25 and Tr26, the potential of the gate of the
transistor 1Tr24 can be held for a long time.
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As a transistor with an extremely low ofl-state current, an
OS transistor may be used. The leakage current of an OS

transistor normalized by channel width can be lower than or
equal to 10x107>" A/um (10 zA/um) with a source-drain
voltage of 10 V at room temperature (approximately 25° C.).

With the use of the semiconductor device described
above, the product-sum operation in the neural network 207
can be performed.

This embodiment can be combined with any of the other
embodiments as appropriate.

Embodiment 3

In this embodiment, a photoelectric conversion element, a
display element, and a transistor which can be used 1n the
imaging display device of one embodiment of the present
ivention will be described with reference to the drawings.

FIG. 23 A illustrates a cross section of a pixel included 1n
the imaging display device 110 illustrated in FIG. 4A. The
layer 111 includes a photodiode as the photoelectric con-
version element 161. The layer 112 includes a transistor or
the like included in the pixel circuit 162. The layer 113
includes a light-emitting element as the display element 163.

The photodiode included 1n the layer 111 1s a PN photo-
diode or a PIN photodiode which uses silicon 1n its photo-
electric conversion layer, and includes a layer 301, a layer
302, and a layer 303.

For example, the layer 301 can be an n-type region, the
layer 302 can be a p~-type region, and the layer 303 can be
a p~-type region. Note that the layer 302 may be an 1-type
region. In the layer 302, a region 304 for connection between
a power supply line and the layer 301 1s provided. For
example, the region 304 can be a p™-type region.

The PN photodiode or the PIN photodiode can be formed
using typically single crystal silicon. Furthermore, the PIN
photodiode may be formed using a thin film of amorphous
silicon, microcrystalline silicon, polycrystalline silicon, or
the like.

Here, FIG. 23 A 1llustrates a structure example 1n which an
clectric connection between the layer 111 and the layer 112
1s established by a bonding step.

On a first surface of the layer 111, an insulating layer 362
and conductive layers 353 and 354 which include regions
embedded 1n the insulating layer 362 are provided. The
conductive layer 353 1s electrically connected to the layer
303. The conductive layer 354 is electrically connected to
the region 304. Furthermore, the insulating layer 362, the
conductive layer 353, and the conductive layer 334 are
planarized to have an aligned surface therebetween.

On a first surface of the layer 112, an insulating layer 361
and conductive layers 351 and 352 which include regions
embedded 1n the msulating layer 361 are provided. The
conductive layer 351 1s electrically connected to a power
supply line. The conductive layer 352 1s electrically con-
nected to a source or a drain of the transistor 162a. Further-
more, the insulating layer 361, the conductive layer 351, and
the conductive layer 352 are planarized so as to have an
aligned surface therebetween.

Here, a main component of the conductive layer 351 and
a main component of the conductive layer 353 are preferably
the same metal element. A main component of the conduc-
tive layer 352 and a main component of the conductive layer
354 are preferably the same metal element. Moreover, the
insulating layers 361 and 362 are preferably formed of the
same components.

For example, the conductive layers 351, 352, 353, and
354 can be formed using Cu, Al, Sn, Zn, W, Ag, Pt, Au, or
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the like. Preferably, Cu, Al, W, or Au 1s used for easy
bonding. In addition, silicon oxide, silicon oxynitride, sili-
con nitride oxide, silicon nitride, titanium nitride, or the like
can be used for the msulating layers 361 and 362.

That 15, the same metal element selected from the above-
described metal elements 1s preferably used in the conduc-
tive layers 351 and 353, and the same metal element selected
from the above-described metal elements 1s preferably used
in the conductive layers 352 and 354. Furthermore, the same
insulating material selected from the above-described nsu-
lating matenals 1s preferably used in the insulating layers
361 and 362. With this structure, a bonding step where a
boundary between the layer 111 and the layer 112 1s a
bonding position can be performed. This bonding step
enables an electric connection between the conductive layer
351 and the conductive layer 353 and between the conduc-
tive layer 352 and the conductive layer 354. Moreover, the
isulating layer 361 and the insulating layer 362 can be
connected with adequate mechanical strength.

For bonding the metal layers to each other, surface
activated bonding and diflusion bonding can be used. Sur-
face activated bonding 1s a method in which an oxide film
and a layer adsorbing impurities over the surface of the
metal layer are removed by sputtering treatment or the like
and the cleaned and activated surfaces of the metal layers are
made to be in contact with and bonded to each other.
Diffusion bonding 1s a method 1n which the surfaces of the
metal layers are bonded to each other by adjusting tempera-
ture and pressure together. Both methods can cause bonding,
at an atomic level and therefore the bonding with excellent
clectric and mechanical strength can be achieved.

For bonding the insulating layers to each other, hydro-
philic bonding or the like can be used after high planarity 1s
obtained by polishing or the like. Hydrophilic bonding 1s a
method 1n which the surfaces of the isulating layers are
subjected to hydrophilicity treatment with oxygen plasma or
the like, arranged 1n contact with and bonded to each other
temporarily, and then dehydrated by heat treatment to per-
form final bonding. The hydrophilic bonding can also cause
bonding at an atomic level; thus, bonding with excellent
mechanical strength can be achieved.

The nsulating layers and the metal layers are mixed on
the bonding surfaces of the layers 111 and 112; therefore, for

example, surface activated bonding and hydrophilic bonding
are preferably performed in combination when the layers
111 and 112 are bonded to each other.

For example, the following method can be used: the
surfaces of the metal layers are made clean after polishing,
the surfaces of the metal layers are subjected to antioxidant
treatment and hydrophilicity treatment, and then bonding 1s
performed. Alternatively, hydrophilicity treatment may be
performed on the surfaces of the metal layers with the use of
hardly oxidizable metal such as Au. Note that a bonding
method other than the above method may be used.

Note that the transistor or the like may be formed on a first
surface of the same silicon substrate, and the photodiode
may be formed on a surface opposite to the first surface.

The layer 112 1ncludes a S1 transistor provided on a silicon
substrate 370. Although the S1 transistor illustrated 1n FIG.
23A 1s of a planar type including an active region in the
silicon substrate 370, the Si transistor may include a fin
semiconductor layer in the silicon substrate 370 as 1llus-
trated 1n FIGS. 25A and 25B. Alternatively, the transistor
may include a semiconductor layer 371 formed of a silicon
thin film, as illustrated in FIG. 25C. The semiconductor
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layer 371 can be single crystal silicon (silicon on insulator
(SOI)) formed on an insulating layer 372 on the silicon
substrate 370, for example.

In the layer 113, a light-emitting element 1s included as
the display element 163. As the light-emitting element, a
self-luminous element can be used. An element whose
luminance 1s controlled by current or voltage 1s included 1n
the category of the light-emitting element. For example, an
LED, an organic EL element, an mmorganic EL element, or
the like can be used.

The light-emitting element has a top emission structure, a
bottom emission structure, a dual emission structure, or the
like. Here, light 1s extracted from the layer 113 to the
direction opposite to the layer 112 side; accordingly, a
top-emission light-emitting element 1s used. A conductive
film that transmits visible light 1s used as an electrode 333
through which light 1s extracted. A conductive film that
reflects visible light 1s preferably used as an electrode 331
through which light i1s not extracted.

An EL layer 332 1s provided between the electrode 331
and the electrode 333. The EL layer 332 includes at least a
light-emitting layer. In addition to the light-emitting layer,
the EL layer 332 may further include one or more layers
containing any of a substance with a high hole-injection
property, a substance with a high hole-transport property, a
hole-blocking material, a substance with a high electron-
transport property, a substance with a high electron-injection
property, a substance with a bipolar property (a substance
with a high electron- and hole-transport property), and the
like.

For the EL layer 332, either a low-molecular compound or
a high-molecular compound can be used, and an 1norganic
compound may also be used. Each of the layers included 1n
the EL layer 332 can be formed by any of the following
methods: an evaporation method (including a vacuum
evaporation method), a transfer method, a printing method,
an inkjet method, a coating method, and the like.

When a voltage higher than the threshold voltage of the
light-emitting element 1s applied between a cathode and an
anode, holes are 1njected to the EL layer 332 from the anode
side and electrons are 1njected to the EL layer 332 from the
cathode side. The injected electrons and holes are recom-
bined 1n the EL layer 332 and a light-emitting substance
contained in the EL layer 332 emits light.

In the case where a light-emitting element emitting white
light 1s used as the light-emitting element, the EL layer 332
preferably contains two or more kinds of light-emitting
substances. For example, the two or more kinds of light-
emitting substances are selected so as to emit light of
complementary colors to obtain white light emission. Spe-
cifically, 1t 1s preferable to contain two or more substances
selected from light-emitting substances that emait light of red
(R), green (G), blue (B), yellow (Y), orange (O), and the like
and light-emitting substances that emit light containing two
or more of spectral components of R, G, and B. The
light-emitting element preferably emits light with a spec-
trum having two or more peaks i the wavelength range of
a visible light region (e.g., 350 nm to 750 nm). An emission
spectrum of a material that emits light having a peak 1n a
yellow wavelength range preferably includes spectral com-
ponents also 1n green and red wavelength ranges.

A light-emitting layer contaiming a light-emitting material
that emits light of one color and a light-emitting layer
containing a light-emitting material that emits light of
another color are preferably stacked 1n the EL layer 332. For
example, the plurality of light-emitting layers in the EL layer
332 may be stacked 1n contact with each other or may be




US 11,856,304 B2

41

stacked with a region that does not include any light-
emitting material therebetween. For example, between a
fluorescent layer and a phosphorescent layer, a region con-
taining the same material as one in the fluorescent layer or
the phosphorescent layer (for example, a host material or an
assist material) and no light-emitting material may be pro-
vided. This facilitates the manufacture of the light-emitting,
clement and reduces the drive voltage.

The light-emitting element may be a single element
including one EL layer or a tandem element i which a
plurality of EL layers are stacked with a charge generation
layer therebetween.

The conductive film that transmits visible light can be
formed using, for example, mdium oxide, indium tin oxide,
indium zinc oxide, zinc oxide, or zinc oxide to which
gallium 1s added. Alternatively, a film of a metal material
such as gold, silver, platinum, magnesium, nickel, tungsten,
chromium, molybdenum, 1ron, cobalt, copper, palladium, or
titanium; an alloy contaiming any of these metal materials; or
a nitride of any of these metal matenals (e.g., titanium
nitride) can be formed thin so as to have a light-transmitting,
property. Alternatively, a stack of any of the above materials
can be used as the conductive film. For example, a stack of
indium tin oxide and an alloy of silver and magnesium 1s
preferably used, imn which case conductivity can be
increased. Still alternatively, graphene or the like may be
used.

For the conductive film that reflects visible light, for
example, a metal material such as aluminum, gold, platinum,
silver, nickel, tungsten, chromium, molybdenum, iron,
cobalt, copper, or palladium or an alloy containing any of
these metal materials can be used. Furthermore, lanthanum,
neodymium, germanium, or the like may be added to the
metal material or the alloy. Alternatively, an alloy containing,
aluminum (an aluminum alloy) such as an alloy of alumi-
num and titanium, an alloy of aluminum and nickel, or an
alloy of aluminum and neodymium may be used. Alterna-
tively, an alloy containing silver such as an alloy of silver
and copper, an alloy of silver and palladium, or an alloy of
silver and magnesium may be used. An alloy containing
silver and copper 1s preferable because of 1ts high heat
resistance. Furthermore, when a metal film or a metal oxide
film 1s stacked in contact with an aluminum film or an
alummum alloy film, oxidation can be suppressed.
Examples of a material for the metal film or the metal oxide
film include titanium and titanium oxide. Alternatively, the
above conductive film that transmits visible light and a film
containing a metal material may be stacked. For example, a
stack of silver and indium tin oxide, a stack of an alloy of
silver and magnesium and mndium tin oxide, or the like can
be used.

Each of the electrodes can be formed by an evaporation
method or a sputtering method. Alternatively, a discharging,
method such as an 1nkjet method, a printing method such as
a screen printing method, or a plating method may be used.

Note that the aforementioned light-emitting layer and
layers containing a substance with a high hole-injection
property, a substance with a high hole-transport property, a
substance with a high electron-transport property, a sub-
stance with a high electron-injection property, a substance
with a bipolar property, and the like may include an 1nor-
ganic compound such as a quantum dot or a high molecular
compound (e.g., an oligomer, a dendrimer, and a polymer).
For example, when used for the light-emitting layer, the
quantum dot can function as a light-emitting material.

The quantum dot may be a colloidal quantum dot, an
alloyed quantum dot, a core-shell quantum dot, a core
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quantum dot, or the like. A quantum dot containing elements
belonging to Groups 12 and 16, elements belonging to
Groups 13 and 15, or elements belonging to Groups 14 and
16 may be used. Alternatively, a quantum dot containing an
clement such as cadmium, selenium, zinc, sulfur, phospho-
rus, indium, tellurium, lead, gallium, arsenic, or aluminum
may be used.

As a protective layer, a substrate 382 which transmits
visible light 1s provided over the light-emitting element with
an adhesive layer 381 provided therebetween. As the sub-
strate 382, a glass substrate, a resin film, or the like can be
used.

As the adhesive layer 381, any of a variety of curable
adhesives, e.g., a photo-curable adhesive such as an ultra-
violet curable adhesive, a reactive curable adhesive, a ther-
mosetting curable adhesive, and an anaerobic adhesive can
be used. Examples of these adhesives include an epoxy
resin, an acrylic resin, a silicone resin, a phenol resin, a
polyimide resin, an imide resin, a polyvinyl chloride (PVC)
resin, a polyvinyl butyral (PVB) resin, and an ethylene vinyl
acetate (EVA) resin. In particular, a material with low
moisture permeability, such as an epoxy resin, 1s preferred.
Alternatively, a two-component-mixture-type resin may be

used. Still alternatively, an adhesive sheet or the like may be
used.

Furthermore, the resin may include a drying agent. For
example, a substance that adsorbs moisture by chemical
adsorption, such as oxide of an alkaline earth metal (e.g.,
calcium oxide or bartum oxide), can be used. Alternatively,
a substance that adsorbs moisture by physical adsorption,
such as zeolite or silica gel, may be used. The drying agent
1s preferably included because 1t can 1nhibit entry of impu-
rities such as moisture mto an eclement, leading to an
improvement 1n the reliability of the display panel.

In addition, a filler with a high refractive index or a
light-scattering member may be mixed into the resin, 1n
which case light extraction efliciency can be improved. For
example, titanium oxide, bartum oxide, zeolite, or zirconium
can be used.

In the case where a white-light-emitting element 1s used,
a color layer of red (R), green (G), blue (B), yellow (Y), cyan
(C), magenta (M), or the like 1s provided over the light-
emitting element, so that a color image can be produced. As
examples of a material that can be used for the color layer,
a metal material, a resin material, and a resin material
containing a pigment or dye can be given.

FIG. 23B illustrates a cross section of a pixel included 1n
the imaging display device 120 illustrated in FIG. 4B. The
layer 115 includes a photodiode as the photoelectric con-
version element 161. The layer 112 includes a transistor or
the like which 1s part of the pixel circuit 162. The layer 113
includes a light-emitting element as the display element 163.
The imaging display device 120 1s different from the 1mag-
ing display device 110 1n the structure of the photodiode. For
the structures of the layers 112 and 113, the description of
the 1maging display device 110 can be referred to.

The 1illustrated photodiode 1n the layer 115 1s a PN
photodiode including a selentum-based material in a pho-
toelectric conversion layer, and includes a layer 391, a layer
392, a layer 393, and a layer 394.

The layer 391 corresponds to a common electrode, and 1s
preferably a conductive layer having a high light-transmait-
ting property with respect to visible light. For example,
indium oxide, tin oxide, zinc oxide, indium tin oxide,
gallium zinc oxide, indium gallium zinc oxide, graphene, or
the like can be used. Note that the layer 391 can be omutted.
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The layers 392 and 393 are photoelectric conversion
portions. A selenium-based material, which 1s a p-type
semiconductor, 1s preferably used for the layer 393. A
gallium oxide or the like, which 1s an n-type semiconductor,
1s preferably used for the layer 392.

The photoelectric conversion element including a sele-
nium-based material has high external quantum etliciency
with respect to visible light. Such a photoelectric conversion
clement can be a highly sensitive sensor in which the amount
of amplification of electrons with respect to the amount of
incident light 1s large owing to the avalanche effect. A
selentum-based material has a high light-absorption coetli-
cient, and thus enables, for example, formation of a thin
photoelectric conversion layer; accordingly, the use of a
selentum-based material has advantages in production. A
thin film of a selenium-based material can be formed by a
vacuum evaporation method, a sputtering method, or the
like.

As the selenium-based material, crystalline selenium such
as single crystal selenium or polycrystalline selenium, amor-
phous selentum, a compound of copper, indium, and sele-
nium (CIS), a compound of copper, indium, gallium, and
selentum (CIGS), or the like can be used.

An n-type semiconductor i1s preferably formed using a
material with a wide band gap and a light-transmitting,
property with respect to visible light. For example, zinc
oxide, gallium oxide, indium oxide, tin oxide, or mixed
ox1ide thereof can be used. In addition, these materials also
have a function of a hole injection blocking layer, so that a
dark current can be decreased.

The layer 394 corresponds to a pixel electrode, and a
low-resistance metal layer or the like 1s preferably used for
the layer 394. For example, aluminum, titanium, tungsten,
tantalum, silver, or a stacked layer thereol can be used.

The layer 115 can be formed over the layer 112. The layer
394 1s electrically connected to a source or a drain of the
transistor 162a through the conductive layer 351 provided in
the layer 112. The layer 391 is electrically connected to a
power supply line through a conductive layer 395 and the
conductive layer 352 provided in the layer 112.

FIG. 24 A illustrates a cross section of a pixel included in
the imaging display device 130 illustrated 1in FIG. SA. The
layer 111 includes a photodiode as the photoelectric con-
version element 161. The layer 112 and the layer 114 include
transistors or the like which are part of the pixel circuit 167.
The layer 113 includes a hght -emitting element as the
display element 163. The imaging display device 130 is
different from the 1maging display device 110 1n including
the layer 114. For the structures of the layers 111, 112, and
113, the description of the imaging display dewee 110 can
be referred to.

The layer 114 includes OS transistors. Although the OS
transistors having a self-aligned structure are 1illustrated in
FIG. 24A, top-gate transistors having a non-self-aligned
structure may also be used as illustrated in FIG. 25D.

Although the transistors 167a and 1675 both having a
backgate 365 are 1llustrated, a structure 1n which one of the
transistors 167a and 1675 has a backgate may be employed
as well. As 1llustrated 1n FIG. 25E, the backgate 365 might
be electrically connected to a front gate of the transistor,
which 1s provided to face the backgate. Alternatively, dif-
ferent fixed potentials may be supplied to the backgate 365
and the front gate.

As a semiconductor material used for the OS transistor, a
metal oxide whose energy gap 1s greater than or equal to 2
eV, preferably greater than or equal to 2.5 eV, further
preferably greater than or equal to 3 eV can be used. A
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typical example 1s an oxide semiconductor containing
indium, and a CAC-OS described later can be used, for
example.

The semiconductor layer can be, for example, a film
represented by an In-M-Zn-based oxide that contains
indium, zinc, and M (M 1s a metal such as aluminum,
titanium, gallium, germamum, yttrium, zirconium, lantha-
num, certum, tin, neodymium, or hatnium).

In the case where the oxide semiconductor contained 1n
the semiconductor layer 1s an In-M-Zn-based oxide, the
atomic ratio of metal elements of a sputtering target used for
forming a film of the In-M-Zn oxide preferably satisty In=M
and Zn=M. The atomic ratio of the metal elements (In:M:
/Zn) 1 such a sputtering target i1s preferably 1:1:1, 1:1:1.2,
3:1:2,4:2:3,4:2:4.1, 5:1:6, 5:1:7, or 5:1:8, for example. Note
that the atomic ratio of the metal elements 1n the formed
oxide semiconductor layer varies from the above atomic
ratios of the metal elements of the sputtering targets in a
range of £40%.

An oxide semiconductor with a low carrier density 1s used
as the semiconductor layer. For example, the semiconductor
layer can be formed using an oxide semiconductor whose
carrier density is lower than or equal to 1x10"/cm”, pref-
erably lower than or equal to 1x10">/cm”, further preferably
lower than or equal to 1x10'°/cm°, still further preferably
lower than or equal to 1x10"'/cm”, even further preferably
lower than 1x10'°/cm® and is higher than or equal to
1x10~"/cm”. Such an oxide semiconductor is referred to as
a highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor. Such an oxide semiconductor
has a low impurity concentration and a low density of defect
states and can thus be regarded as having stable character-
1stics.

Note that without limitation to the above examples, a
material with an appropriate composition can be used
depending on required semiconductor characteristics and
clectrical characteristics (e.g., field-eflfect mobility and
threshold voltage) of the transistor. To obtain required
semiconductor characteristics of the transistor, the carrier
density, impurity concentration, defect density, atomic ratio
between a metal element and oxygen, interatomic distance,
density, and the like of the semiconductor layer are prefer-
ably set to appropriate values.

When silicon or carbon, which are elements belonging to
Group 14, 1s contained 1n the oxide semiconductor included
in the semiconductor layer, oxygen vacancies are increased
and the semiconductor layer becomes n-type. Thus, the
concentration of silicon or carbon (measured by secondary
ion mass spectrometry) in the semiconductor layer i1s lower
than or equal to 2x10"® atoms/cm’, preferably lower than or
equal to 2x10'” atoms/cm”.

Alkali metal and alkaline earth metal may generate car-
riers when bonded to an oxide semiconductor, 1n which case
the off-state current of the transistor might be increased.
Therefore, the concentration of alkali metal or alkaline earth
metal 1n the semiconductor layer (the concentration mea-
sured by secondary 10n mass spectrometry) 1s lower than or
equal to 1x10'® atoms/cm?, preferably lower than or equal to
2x10"° atoms/cm”.

When mitrogen 1s contained in the oxide semiconductor
included in the semiconductor layer, electrons serving as
carriers are generated and the carrier density increases, so
that the semiconductor layer easily becomes n-type. Thus, a
transistor mcluding an oxide semiconductor that contains
nitrogen 1s likely to be normally-on. Hence, the concentra-
tion of nitrogen in the semiconductor layer (the concentra-
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tion measured by secondary 1on mass spectrometry) 1s
preferably lower than or equal to 5x10'® atoms/cm”.

The semiconductor layer may have a non-single-crystal
structure, for instance. Examples of the non-single-crystal
structure 1clude a CAAC-OS (c-axis-aligned crystalline
oxide semiconductor, or c-axis-aligned a-b-plane-anchored
crystalline oxide semiconductor) including a c-axis-aligned
crystal, a polycrystalline structure, a microcrystalline struc-
ture, and an amorphous structure. Among the non-single-
crystal structures, the amorphous structure has the highest
density of defect states, whereas the CAAC-OS has the
lowest density of defect states.

An oxide semiconductor film with the amorphous struc-
ture has, for example, disordered atomic arrangement and no
crystalline component. Alternatively, an oxide film with the
amorphous structure has, for example, an absolutely amor-
phous structure and no crystal part.

Note that the semiconductor layer may be a mixed film
including two or more of the following: a region with an
amorphous structure, a region with a microcrystalline struc-
ture, a region with a polycrystalline structure, a CAAC-OS
region, and a region with a single crystal structure. The
mixed film has, for example, a single-layer structure or a
stacked-layer structure including two or more of the above
regions 1 some cases.

A structure of a cloud-aligned composite oxide semicon-
ductor (CAC-OS), which 1s one embodiment of an amor-
phous semiconductor layer, will be described below.

The CAC-OS has, for example, a composition in which
clements included 1n an oxide semiconductor are unevenly
distributed. Materials including unevenly distributed ele-
ments each have a size of greater than or equal to 0.5 nm and
less than or equal to 10 nm, preferably greater than or equal
to 1 nm and less than or equal to 2 nm, or a similar size. Note
that 1n the following description of an oxide semiconductor,
a state 1n which one or more metal elements are unevenly
distributed and regions including the metal element(s) are
mixed 1s referred to as a mosaic pattern or a patch-like
pattern. The regions each have a size of greater than or equal
to 0.5 nm and less than or equal to 10 nm, preferably greater
than or equal to 1 nm and less than or equal to 2 nm, or a
similar size.

Note that an oxide semiconductor preferably contains at
least indium. In particular, indium and zinc are preferably
contained. In addition, one or more kinds of elements
selected from aluminum, gallium, yttrium, copper, vana-
dium, beryllium, boron, silicon, titamium, 1ron, nickel, ger-
manium, zirconium, molybdenum, lanthanum, cerium, neo-
dymium, hainium, tantalum, tungsten, magnesium, and the
like may be contained.

For example, of the CAC-0OS, an In—Ga—Z7n oxide with
the CAC composition (such an In—Ga—~7n oxide may be
particularly referred to as CAC-1GZ0) has a composition in
which materials are separated into indium oxide (Ino,,
where X1 1s a real number greater than 0) or indium zinc
oxide (In,.,Zn,0.,, where X2, Y2, and 72 are real numbers
greater than 0), and gallium oxide (GaO,~, where X3 1s a
real number greater than 0), galllum zinc oxide
(Gay,/n,, 0., where X4, Y4, and Z4 are real numbers
greater than 0), or the like, and a mosaic pattern 1s formed.
Then, InO,, or In,.Zn,,0., forming the mosaic pattern 1s
evenly distributed 1n the film. This composition 1s also
referred to as a cloud-like composition.

That 1s, the CAC-OS 1s a composite oxide semiconductor
with a composition 1mn which a region including GaO., as a
main component and a region including In,.Zn;-0O., or
InO,, as a main component are mixed. Note that in this
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specification, for example, when the atomic ratio of In to an
clement M 1n a first region 1s greater than the atomic ratio of
In to an element Min a second region, the first region has
higher In concentration than the second region.

Note that a compound including In, Ga, Zn, and O 1s also
known as 1GZ0O. Typical examples of 1GZ0O include a
crystalline compound represented by InGaO,(Zn0O)_, (m1 1s
a natural number) and a crystalline compound represented
by In, .G, _005(Zn0), , (-1=x0=1; mO 1s a given
number).

The above crystalline compounds have a single crystal
structure, a polycrystalline structure, or a CAAC structure.
Note that the CAAC structure 1s a crystal structure in which
a plurality of IGZO nanocrystals have c-axis alignment and
are connected 1n the a-b plane direction without alignment.

On the other hand, the CAC-OS relates to the material
composition of an oxide semiconductor. In a material com-
position of a CAC-0OS including In, Ga, Zn, and O, nan-
oparticle regions mcluding Ga as a main component are
observed 1n part of the CAC-OS and nanoparticle regions
including In as a main component are observed in part
thereof. These nanoparticle regions are randomly dispersed
to form a mosaic pattern. Therefore, the crystal structure 1s
a secondary element for the CAC-OS.

Note that in the CAC-0OS, a stacked-layer structure
including two or more films with different atomic ratios 1s
not included. For example, a two-layer structure of a film
including In as a main component and a film including Ga
as a main component 1s not 1included.

A boundary between the region including GaO,, as a
main component and the region including In,.Zn;,0O_, or
InO,,, as a main component 1s not clearly observed in some
cases.

In the case where one or more of aluminum, yttrium,
copper, vanadium, beryllium, boron, silicon, titanium, 1ron,
nickel, germanium, zircomum, molybdenum, lanthanum,
certum, neodymium, hatnium, tantalum, tungsten, magne-
sium, and the like are contained instead of gallium in a
CAC-0OS, nanoparticle regions including the selected metal
clement(s) as a main component(s) are observed 1n part of
the CAC-0OS and nanoparticle regions including In as a main
component are observed in part thereof, and these nanopar-
ticle regions are randomly dispersed to form a mosaic
pattern in the CAC-0OS.

The CAC-OS can be formed by a sputtering method under
conditions where a substrate 1s not heated intentionally, for
example. In the case of forming the CAC-OS by a sputtering
method, one or more selected from an 1nert gas (typically,
argon), an oxygen gas, and a nitrogen gas may be used as a
deposition gas. The ratio of the flow rate of an oxygen gas
to the total flow rate of the deposition gas at the time of
deposition 1s preferably as low as possible, and for example,
the tlow ratio of an oxygen gas 1s preferably higher than or
equal to 0% and less than 30%, further preferably higher
than or equal to 0% and less than or equal to 10%.

The CAC-OS 1s characterized in that no clear peak 1s
observed 1n measurement using 0/20 scan by an out-of-plane
method, which 1s an X-ray diffraction (XRD) measurement
method. That 1s, X-ray diffraction shows no alignment in the
a-b plane direction and the c-axis direction in a measured
region.

In an electron diflraction pattern of the CAC-OS which 1s
obtained by irradiation with an electron beam with a probe
diameter of 1 nm (also referred to as a nanometer-sized
clectron beam), a ring-like region with high luminance and
a plurality of bright spots in the ring-like region are
observed. Therefore, the electron diffraction pattern indi-
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cates that the crystal structure of the CAC-OS includes a
nanocrystal (nc) structure with no alignment in plan-view
and cross-sectional directions.

For example, an energy dispersive X-ray spectroscopy
(EDX) mapping image confirms that an In—Ga—Z7n oxide
with the CAC composition has a structure 1n which a region
including GaO,, as a main component and a region includ-
ing In,./n;»0., or InO,, as a main component are
unevenly distributed and mixed.

The CAC-OS has a structure different from that of an
IGZ0 compound in which metal elements are evenly dis-
tributed, and has characteristics diflerent from those of the
IGZ0O compound. That 1s, 1n the CAC-0OS, regions including
(Ga0O,., or the like as a main component and regions 1nclud-
ing In,-7Zn,-»0O_, or InO,, as a main component are sepa-
rated to form a mosaic pattern.

The conductivity of a region including In,-7Zn,.O., or
InO,, as a main component 1s higher than that of a region
including GaO,, or the like as a main component. In other
words, when carriers flow through regions including
In,./n,.,O._, or InO,., as a main component, the conductiv-
ity of an oxide semiconductor i1s exhibited. Accordingly,
when regions including In,.7Zn,.0O._, or InO,, as a main
component are distributed 1n an oxide semiconductor like a
cloud, high field-eflect mobility (1) can be achieved.

In contrast, the insulating property of a region including
GaO., or the like as a main component 1s higher than that
of a region including In,.Zn,.O., or InO,, as a main
component. In other words, when regions including GaO,,
or the like as a main component are distributed 1n an oxide
semiconductor, leakage current can be suppressed and favor-
able switching operation can be achieved.

Accordingly, when a CAC-OS 1s used for a semiconduc-
tor element, the msulating property derived from GaO,~ or
the like and the conductivity dernived from In,.,Zn,..O_, or
InO,., complement each other, whereby high on-state cur-
rent (Ion) and high field-effect mobility (1) can be achieved.

A semiconductor element including a CAC-OS has high
reliability. Thus, the CAC-OS 1s suitably used as a matenal
in a variety ol semiconductor devices.

An sulating layer 385 that has a function of inhibiting
diffusion of hydrogen is provided between a region includ-
ing OS transistors and a region including Si transistors.
Dangling bonds of silicon are terminated with hydrogen 1n
insulating layers provided in the vicinities of the active
regions of the transistors 165a and 1655. Meanwhile, hydro-
gen 1n nsulating layers which are provided 1n the vicinity of
the oxide semiconductor layer that 1s the active layer of the
transistors 167a and 1675 causes generation of carriers in
the oxide semiconductor layer.

Hydrogen 1s confined 1n the one layer by the insulating
layer 383, so that the reliability of the transistors 165a and
1656 can be improved. Furthermore, diffusion of hydrogen
from the one layer to the other layer 1s inhibited, so that the
reliability of the transistors 167a and 1675 can also be
improved.

The insulating layer 385 can be, for example, formed
using aluminum oxide, aluminum oxynitride, galllum oxide,
gallium oxymitride, yttrium oxide, yttrium oxynitride, hat-
nium oxide, hatnium oxynitride, or yttria-stabilized zircoma
(YSZ).

FIG. 24B 1llustrates a cross section of a pixel included in
the imaging display device 140 illustrated in FIG. 5B. The
layer 115 includes a photodiode as the photoelectric con-
version element 161. The layer 112 and the layer 114 include
transistors or the like which are part of the pixel circuit 167.
The layer 113 includes a light-emitting element as the
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display element 163. The imaging display device 140 is
different from the imaging display device 120 in including
the layer 114. For the structures of the layers 112, 113, 114,
and 115, the description of the imaging display devices 110
to 130 can be referred to.

FIG. 26 A 1s a cross-sectional view illustrating an example
in which a color filter and the like are added over the
imaging portion 101 of the imaging device of one embodi-
ment of the present imvention. The cross-sectional view
shows part of a region including pixel circuits for three
pixels. An 1nsulating layer 400 1s formed over the layer 111
or the layer 115 in which the photoelectric conversion
clement 161 1s formed. As the insulating layer 400, for
example, a silicon oxide film with a high visible-light
transmitting property can be used. In addition, a silicon
nitride film may be stacked as a passivation film. In addition,
a dielectric film of hatnium oxide or the like may be stacked
as an anti-reflection film.

A light-blocking layer 410 may be formed over the
insulating layer 400. The light-blocking layer 410 has a
function of preventing color mixing of light passing through
the upper color filter. As the light-blocking layer 410, a metal
layer of aluminum, tungsten, or the like can be used.
Furthermore, the metal layer and a dielectric film having a
function of an anti-reflection film may be stacked as well.

An organic resin layer 420 can be provided as a planar-
ization film over the insulating layer 400 and the light-
blocking layer 410. A color filter 430 (a color filter 430q, a
color filter 4305, or a color filter 430c¢) 1s formed 1n each
pixel. For example, the color filter 430a, the color filter

4305, and the color filter 430¢ each have a color of red (R),
green (), blue (B), yellow (Y), cyan (C), magenta (M), or
the like, so that a color image can be obtained.

Note that 1n the case where a color filter 1s provided over
the photoelectric conversion element 161, a color filter of the
same color as the light-emission color of a light-emitting
clement 163 1s preferably provided over the light-emitting
clement 163. Note that in the case where color filters over
the photoelectric conversion element 161 are provided in
Bayer arrangement, the color filters over the light-emitting
clement 163 are also provided 1n Bayer arrangement, that 1s,
the color filters on both sides are provided in the same
arrangement manner.

An 1nsulating layer 460 or the like having a light-trans-
mitting property with respect to visible light can be provided
over the color filter 430.

As 1llustrated 1n FIG. 26B, an optical conversion layer
450 may be used instead of the color filter 430. Such a
structure enables the imaging device to capture 1mages 1n
various wavelength regions.

For example, when a filter that blocks light with a
wavelength shorter than or equal to that of visible light 1s
used as the optical conversion layer 450, an infrared imaging
device 1s obtained. When a filter that blocks light with a
wavelength shorter than or equal to that of near infrared light
1s used as the optical conversion layer 450, a far-infrared
imaging device 1s obtained. When a filter that blocks light
with a wavelength longer than or equal to that of visible light
1s used as the optical conversion layer 450, an ultraviolet
imaging device 1s obtained.

When a scintillator 1s used as the optical conversion layer
450, 1t 1s possible to obtain an 1maging device that takes an
image visualizing the mtensity of radiation and 1s used for an
X-ray imaging device or the like. Radiations such as X-rays
that pass through an object to enter a scintillator are con-
verted into light (fluorescence) such as wvisible light or
ultraviolet light owing to photoluminescence. Then, the
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photoelectric conversion element 161 detects the light to
obtain 1image data. Moreover, the imaging device having the

above structure may be used 1n a radiation detector or the
like.

A scintillator contains a substance that, when irradiated >
with radiation such as X-rays or gamma rays, absorbs energy
ol the radiation to emait visible light or ultraviolet light. For
example, 1t 1s possible to use a resin or ceramics 1 which
any of Gd,0,S:Tb, Gd,0,S:Pr, Gd,O,S:Eu, BaFCl:Eu, Nal,
Csl, CaF,, BaF,, CeF,, LiF, Lil, and ZnO is dispersed. 10

In the photoelectric conversion element 161 using a
selentum-based material, radiation such as X-rays can be
directly converted into charge; thus, the scintillator 1s not
necessarily used.

Alternatively, as illustrated in FIG. 26C, a microlens array 1>
440 may be provided over the color filters 430a, 43056, and
430c. Light penetrating lenses included in the microlens
array 440 goes through the color filters positioned thereun-
der to reach the photoelectric conversion element 161.
Alternatively, as illustrated in FIG. 26B, the microlens array 2Y
440 may be provided over the optical conversion layer 450.

This embodiment can be combined with any of the other
embodiments as approprate.

Embodiment 4 25

Specific examples of an electronic device that can use the
imaging display device of one embodiment of the present
invention are illustrated 1n FIGS. 27A to 27C.

FI1G. 27A 1llustrates smart glasses which include an imag- 30
ing display device 902 of one embodiment of the present
invention, an objective lens 903, and an eye lens 904 1n a
main body 901. The smart glasses can be fixed to the head
with a belt 905, so that AR-displayed data as well as a real
background 1image can be seen. Alternatively, the real back- 35
ground 1mage may be cut so that the device can be utilized
as a head mounted display with which an 1image input from
the outside can be seen.

FIG. 27B 1llustrates binoculars which include an 1maging,
display device 912 of one embodiment of the present 40
invention, an objective lens 913, and an eye lens 914 1n a
barrel 911. The binoculars include the objective lens 913 of
high power; thus, AR-displayed data for a distant object can
be seen. Furthermore, a similar structure can be applied to a
monocle or a telescope. 45

FIG. 27C illustrates a night scope which includes an
imaging display device 922 of one embodiment of the
present invention, an objective lens 923, and an eye lens 924
inside a barrel 921. The night scope basically has a structure
similar to the above-described binoculars but 1s provided 350
with an infrared radiation device 925. By infrared 1rradiation
of an object, sensing and display of the object can be
performed with high visibility 1n a dark night.

This embodiment can be combined with any of the other
embodiments as appropnate. 55

REFERENCE NUMERALS

10: photoelectric conversion element, 11: display ele-
ment, 12: display element, C11: capacitor, C21: capacitor, 60
(C22: capacitor, Trll: transistor, Tr12: transistor, Tr21: tran-
sistor, Tr22: transistor, 1r23: transistor, 1r24: transistor,
1r25: transistor, Tr26: transistor, 1r27: transistor, T1r28:
transistor, 51: transistor, 52: transistor, 53: transistor, 54:
transistor, 55: transistor, 56: transistor, 57: transistor, 58: 65
transistor, 59: transistor, 60: capacitor, 61: transistor, 62:
transistor, 63: transistor, 64: capacitor, 71: wiring, 72: wir-
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ing, 73: winng, 74: wiring, 75: wiring, 76: wiring, 77:
wiring, 78: wiring, 79: wiring, 80: wiring, 81: wiring, 82:
wiring, 83: wiring, 84: wiring, 85: wiring, 86: wiring, 87:
wiring, 100: imaging display device, 101: imaging portion,
102: display portion, 102a: circuit portion, 103: lens, 104:
lens, 105: object, 106: viewer, 110: imaging display device,
111: layer, 112: layer, 113: layer, 114: layer, 115: layer, 120:
imaging display device, 130: imaging display device, 140:
imaging display device, 150: region, 151: region, 1352:
region, 152a: circuit, 152b6: circuit, 152¢: circuit, 152d:
circuit, 152¢: circuit, 152/: circuit, 152g: circuit, 1352%:
circuit, 153: region, 154: region, 155: region, 1554a: circuit,
1555: circuit, 160: light-emitting element, 161: photoelectric
conversion eclement, 162: pixel circuit, 162a: transistor,
162b6: transistor, 163: display element, 165a: transistor,
165b: transistor, 166: connection portion, 167: pixel circuit,
167a: transistor, 167b: transistor, 171: pixel circuit, 172:
pixel circuit, 173: pixel circuit, 174: pixel circuit, 175: pixel
circuit, 176: pixel circuit, 177: pixel circuit, 178: pixel
circuit, 179: pixel circuit, 180: pixel circuit, 200: data
processing portion, 201: arithmetic portion, 202: image
processing portion, 203: position sensor, 204: mput output
portion, 205: memory portion, 206: server, 207: neural
network, 208: storage medium, 301: layer, 302: layer, 303:
layer, 304: region, 331: electrode, 332: EL layer, 333:
electrode, 351: conductive layer, 352: conductive layer, 353:
conductive layer, 354: conductive layer, 361: insulating
layer, 362: insulating layer, 365: backgate, 370: silicon
substrate, 371: semiconductor layer, 372: nsulating laver,
381: adhesive layer, 382: substrate, 385: isulating layer,
391: layer, 392: layer, 393: layer, 394: layer, 395: conductive
layer, 400: insulating layer, 410: light-blocking layer, 420:
organic resin layer, 430: color filter, 430a: color filter, 4305:
color filter, 430c¢: color filter, 440: microlens array, 4350:
optical conversion layer, 460: insulating layer, 501: mput
layer, 502: middle layer, 503: output layer, 505: server, 600:
semiconductor device, 610: memory circuit, 620: reference
memory circuit, 630: circuit, 640: circuit, 6350: current
supply circuit, 901: main body, 902: imaging display device,
903: objective lens, 904: eve lens, 905: belt, 911: barrel, 912:
imaging display device, 913: objective lens, 914: eye lens,
921: barrel, 922: imaging display device, 923: objective
lens, 924: eye lens, 925: infrared radiation device.

This application 1s based on Japanese Patent Application
Serial No. 2017-090230 filed with Japan Patent Oflice on
Apr. 28, 2017, the entire contents of which are hereby
incorporated by reference.

The mvention claimed 1s:

1. A semiconductor device comprising:

a photoelectric conversion element;

an msulating layer over the photoelectric conversion

element;

a substrate over the insulating layer;

a conductive layer i the insulating layer and the sub-

strate;

a {irst transistor and a second transistor over the substrate;

a light-emitting element over the first transistor and the

second transistor; and

a third transistor between the first substrate and the first

transistor,

wherein the photoelectric conversion element 1s electri-

cally connected to the first transistor through the con-
ductive layer,

wherein the light-emitting element 1s electrically con-

nected to the second transistor,

wherein the light-emitting element and the first transistor

overlap with each other, and
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wherein the first transistor and the photoelectric conver-
sion element overlap with each other.

2. The semiconductor device according to claim 1,

wherein one of a source and a drain of the first transistor
1s electrically connected to the photoelectric conversion
element,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to a gate of the
second transistor, and

wherein one of a source and a drain of the second
transistor 1s electrically connected to the light-emitting
clement.

3. The semiconductor device according to claim 1,

wherein the light-emitting element and the second tran-
sistor overlap with each other, and

wherein the second transistor and the photoelectric con-
version element overlap with each other.

4. The semiconductor device according to claim 1,

wherein the photoelectric conversion element comprises
selentum or a compound comprising selenium.

5. The semiconductor device according to claim 1,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to a gate of the third
transistor.

6. An electronic device comprising:

the semiconductor device according to claim 1; and

a lens.

7. A semiconductor device comprising:

a photoelectric conversion element;

a first transistor;

a second transistor; and

a light-emitting element comprising a first electrode, a
second electrode over the first electrode, and a light-
emitting layer between the first electrode and the sec-
ond electrode,

wherein the photoelectric conversion element comprises a
first layer, a second layer over the first layer, and a third
layer over the second layer,

wherein the third layer 1s electrically connected to one of
a source and a drain of the first transistor,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to a gate of the
second transistor,

wherein one of a source and a drain of the second
transistor 1s electrically connected to the first electrode,

wherein the light-emitting element and the first transistor
overlap with each other, and

wherein the first transistor and the photoelectric conver-
sion element overlap with each other.

8. The semiconductor device according to claim 7,

wherein the light-emitting element and the second tran-
sistor overlap with each other, and
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wherein the second transistor and the photoelectric con-
version element overlap with each other.
9. The semiconductor device according to claim 7,

wherein the photoelectric conversion element comprises
selentum or a compound comprising selenium.

10. The semiconductor device according to claim 7,

turther comprising an 1msulating layer over the photoelectric
conversion element,

wherein the first transistor and the second transistor are

over the msulating layer.
11. The semiconductor device according to claim 10,

further comprising a conductive layer 1n the insulating layer.

12. An electronic device comprising:

the semiconductor device according to claim 2; and

a lens.

13. A semiconductor device comprising:

a photoelectric conversion element;

an 1nsulating layer over the photoelectric conversion
element:;

a substrate over the insulating layer;

a conductive layer in the insulating layer and the sub-
strate;

a first transistor and a second transistor over the substrate;
and

a light-emitting element over the first transistor and the
second transistor,

wherein the photoelectric conversion element 1s electri-
cally connected to one of a source and a drain the first
transistor through the conductive layer,

wherein the light-emitting element 1s electrically con-
nected to one of a source and a drain of the second
transistor,

wherein the light-emitting element and the first transistor
overlap with each other,

wherein the first transistor and the photoelectric conver-
sion element overlap with each other,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to a gate of the
second transistor.

14. The semiconductor device according to claim 13,

wherein the light-emitting element and the second tran-
sistor overlap with each other, and

wherein the second transistor and the photoelectric con-
version element overlap with each other.

15. The semiconductor device according to claim 13,

wherein the photoelectric conversion element comprises
selentum or a compound comprising selenium.

16. An electronic device comprising:
the semiconductor device according to claim 13; and

a lens.
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